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Abstract

Bone cutting is of importance in orthopaedic surgery but is also challenging due to its nature of brittleness—where
severe mechanical and thermal damages can be introduced easily in conventional machining. Laser machining is a
new technology that can allow for complex cut geometries whilst minimising surface defects i.e., smearing, which
occur in mechanical methods. However, comparative studies on the influence of lasers with different pulse character-
istics on necrotic damage and surface integrity have not been reported yet. This paper for the first time investigates
the effects of laser type on the necrotic damage and surface integrity in fresh bovine cortical bone after ex-situ laser
machining. Three lasers of different pulse widths, i.e., picosecond, nanosecond and continuous wave lasers have
been investigated with different feed speeds tested to study the machining efficiency. The cutting temperature,

and geometrical outputs have been measured to investigate the thermal influence on the cooling behaviour of the
bone samples while high-speed imaging was used to compare the material removal mechanisms between a pulsed
and continuous wave laser. Furthermore, an in-depth histological analysis of the subsurface has revealed that the
nanosecond laser caused the largest necrotic depth, owing to the high pulse frequency limiting the dissipation of
heat. It has also been observed that surface cracks positioned perpendicular to the trench direction were produced
after machining by the picosecond laser, indicative of the photomechanical effect induced by plasma explosions.
Therefore, the choice of laser type (i.e., in terms of its pulse width and frequency) needs to be critically considered for
appropriate application during laser osteotomy with minimum damage and improved healing.
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1 Introduction the mechanical material removal by principally cutting

Bone is an important tissue in the human body as it
allows vital locomotive functions of humans to take place,
such as providing stiffness, walking or jumping [1]. How-
ever, bones are also load-sensitive and semi-brittle [2, 3]
and, therefore, prone to injuries. As a result, bone surgi-
cal interventions are a daily task in orthopaedics, neuro-
surgery, and dentistry. However, many of these involve
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(i.e., milling, sawing, drilling) [4, 5] or abrading the tis-
sue to perform the surgery (e.g., total knee arthroplasty,
hole drilling, implant or screw insertion). Contrary to
soft tissues which are largely elastic [5], bone is semi-brit-
tle, implying that it can easily get damage induced to its
subsurface [6] due to mechanical machining [7]; but bone
also possess a unique self-healing capacity [8]. These two
characteristics make bone an interesting and complex
material from both an engineering and medical perspec-
tive, which makes tool design a difficult task [9, 10], but
it can be better analysed by understanding its intricate
hierarchical microstructure [11].
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Bone can be broadly divided in two main types, which
are the cortical tissue and the trabecular tissue, both of
which are shown as a portion of a long bone structure
shown in Figure 1. Out of these two, cortical bone is of
vast interest since it possesses a superior mechanical
strength and density over trabecular bone, thus it is of
major relevance when it comes to machining. Cortical
bone can be regarded as a natural biological composite
material comprised of osteons (i.e., the equivalent to uni-
directional fibres in conventional composites) immersed
in the interstitial lamellae (i.e., the matrix in conventional
composites), as shown in Figure 1. Additionally, the Volk-
mann’s and Haversian canals, which carry the neces-
sary nutrients for a proper bone function [12], provide a
unique arrangement of a porosity system within the tis-
sue. This is one of the reasons why scaffold and implant
design is tailored or customised with a controlled poros-
ity that resembles that of natural cortical bone [11], espe-
cially if employing additive manufacturing techniques for
fabrication [13, 14].

As a biological tissue, bone possesses a cellular struc-
ture that maintains it in its living state with appropriate
metabolism and remodelling (i.e., capacity to heal itself
over time) functions. One of the cells involved in this
process are osteocytes, which are trapped inside the bone
in pits called lacunae (see Figure 1(b)) [15]. These cells,
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among others, keep the bone in a healthy state and aid in
the healing process after the tissue is exposed to damage
(e.g., by machining-induced mechanical and/or thermal
loads [7]).

The intricate microstructure in cortical bone results in
a complex material from a machining perspective that
makes bone a difficult material to cut, as it can behave
both ductile or brittle, depending on the cutting param-
eters [2]. Thus, during conventional machining, the
mechanical effect may induce sufficient strain that facili-
tates crack propagation from the cutting zone and into
the material [16], or induce a brittle and weak layer in the
machined subsurface at the micro-level [7]. Additionally,
the cutting energy will also dissipate in the form of heat,
and as a biological material, the cellular integrity of the
tissue may be compromised if the temperature is high
enough [17]. In general, if the tissue is exposed to a tem-
perature of 47 or 50 °C during 60 or 30 seconds, respec-
tively, necrosis (i.e., death of osteocytes) will occur, which
implies that the healing, remodelling and metabolism
functions will be hindered either temporarily or perma-
nently [18]. Additionally, much less time is required for
necrosis to occur if the temperatures are larger.

Since mechanical machining (e.g., milling, grinding,
sawing) poses a great challenge in terms of machining-
induced damage avoidance, non-conventional machining
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Figure 1 Schematic overview of the bone structure: (a) a long bone possesses two main tissues, i.e., cortical bone in the outermost region and

trabecular bone in the innermost region, which encloses the yellow bone marrow, (b) the cortical bone microstructure consists of osteons that run
along the principal loading direction of the bone and are immersed in the interstitial lamellae. Inside the cortical tissue two main porosity systems
(Haversian and Volkmann’s) carry the necessary blood vessels and nerves for maintaining a healthy tissue. The osteocytes (shown as purple dots) are
the cells that monitor the metabolism and remodelling process of the tissue. Schematic adapted from Ref. [11]




Robles-Linares et al. Chinese Journal of Mechanical Engineering

techniques could represent a promising approach
towards improving the material response during machin-
ing. Laser (e.g., pulsed or continuous lasers) machining
can remove material through a range of mechanisms.
Pulsed laser ablation is a technique that removes mate-
rial through the use of a high intensity, focused laser
beam, with a short pulse width [19] which leads to energy
absorption by the material, subsequently vaporising/
ionising it. On the other hand, lasers with longer or con-
tinuous pulses may have fluencies below the ablation
threshold—leading to a more thermally based material
removal mechanism such as melting [20].

Additionally, laser machining provides an improved
cutting geometry and precision over conventional tools
due to reduced/no mechanical loads [21]. Therefore,
laser ablation represents a non-conventional machining
approach that could improve the bone cutting process by
eliminating the mechanical effect. However, the thermal
and shock waves from the laser beam can propagate deep
into the bone, thus resulting in possible damage even in
regions far from the machined or ablated zone [22]. Due
to the fully thermal phenomenon and considering the
low thermal conductivity of bone [23], necrosis becomes
more relevant.

The three most common lasers used in hard tissues, like
cortical bone, are CO,, Er:YAG and Nd:YAG types. The
reason for these relies on the optical absorption proper-
ties of the tissue, and more specifically, on the ones from
its individual constituents (e.g., water, collagen) [24].
For instance, the CO, laser wavelength (i.e., 10.6 pum) is
within the optical absorption spectrum of hydroxyapatite
(i.e., 9—11 pm) [25], one of the most important constit-
uents from the bone’s mineral, being the mineral phase
the main constituent of bone [26]. The wavelength of
Er:YAG lasers (i.e., 2.94 pm) is similar to one of the larg-
est absorption peaks of water (ca. 3 pm), the third main
constituent of bone [26]. The wavelength from Nd:YAG
lasers is 1.094 pm, but this value can be shortened by fre-
quency doubling, meaning that it can be tailored to mini-
mise water absorption [27], thus maximising the laser
penetration depth into the tissue in water-rich (e.g., with
coolant) environments.

Rayan et al. [28] did in vivo CO, laser cutting without
coolants in cortical bone and reported that tissue carbon-
isation is easily induced along with necrosis; however, the
laser pulse width was kept constant at 0.1 ms along with
a frequency of 2 kHz. Krause et al. [25], also using a CO,
laser without coolants, reported a necrotic depth ranging
from 30 to 200 pm when the laser energy density is within
160-2062 J/cm? however, a comprehensive assessment is
hindered since the pulse width (5 ms, 10 ms and continu-
ous) and frequency (10 Hz, 20 Hz, continuous) varied for
each energy density condition. Frentzen at al. [29] also
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employed a CO, laser (80 s pulse width) in ex-vivo bone
cutting, but due to the usage of external coolant (fine air-
water spray), both necrosis and tissue carbonisation were
totally avoided.

Since laser machining implies a lower material removal
rate as opposed to conventional machining, studies on
improving the cutting efficiency in cortical bone have
also been explored. For instance, a research using an
Er:YAG laser (300 ps pulse width and 20 Hz frequency)
[30] proposed a set of laser processing parameters that
could result in lower cutting time, when compared to
conventional drilling, even producing less heat. However,
the laser was coupled with a water spray cooling system
and the conventional drilling parameters were intention-
ally produced with a low speed, thereby hindering the
understanding of the real material response both in terms
of necrosis and cutting efficiency. Baek et al. [31] showed
that mechanical machining, often resulting in a smear
layer in the cut surface, blocks the bleeding of the bone,
whereas laser machining eases the bleeding by leav-
ing an open wound without smearing on top; this is the
reason why laser machining could result in an improved
healing time. It is known that an increased pulse laser
energy will inherently result in a larger ablation volume,
but regarding the effect of pulse width, Beltran et al. [32]
showed, in a limited width range (i.e., microsecond range,
244-388 ps) that there was no direct relation and instead
proposed that the driving factor in the ablation efficiency
is only the pulse energy. Additionally, Beltran et al. [33]
explained how the ablation rate (i.e., ablated bone in
depth per unit time) depends on both the feed speed and
the number of passes of the laser beam, generally show-
ing that for a single laser pass, the ablation rate increases
while lowering the feed. However, they also suggested
that a single pass results in a more uneven trench (i.e.,
with ripples), thereby showing that there is a non-trivial
relationship between feed speed, cutting efficiency and
surface quality.

Bone machining via non-conventional methods is
under current investigations towards making the pro-
cess a more reliable one in surgical environments. How-
ever, there is still lack of understanding on the relation
between laser type (in terms of laser pulse width) and
induced necrosis, as most of the aforementioned studies
always employ cooling methods to the laser machining
process. Additionally, most studies aiming on improving
the cutting efficiency (i.e., maximising material removal
rate per unit time) have been limited to a fixed pulsed
width laser, thus making the processing recommenda-
tions pulse-width dependent. To bring more light into
these aspects, here, the effect of pulse width of the laser
beam on damage cortical bone both in terms of its sur-
face characteristics (e.g., cracks, roughness) and necrosis
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is investigated. This was done for an Nd-YAG laser with
pulse widths in the nanosecond, picosecond, and contin-
uous ranges. Additionally, various feed speeds (i.e., 0.25—
45 mm/s) were employed to understand the machining
efficiency of each case. Histological analysis was used as
a gold standard technique for assessment of the necrotic
depth after machining, while metrology equipment was
used for evaluation of the machined trench profiles post-
machining. In this paper, the relation of laser pulse width
with necrosis inducement is shown to be non-trivial,
highlighting that variations of pulse width can produce
both carbonisation and necrotic damage, as well as mild
machining with minimum damage. It is also shown that
the use of pulse widths in the picosecond range can shift
the material removal mechanism from thermal to opto-
mechanical, thereby reducing the inducement of thermal
damage.

2 Methods
2.1 Samples Acquisition and Preparation
A single mid-diaphysis from a bovine femur was used in
this research due to its similarities with human bone in
terms of its composition [34], its mechanical response to
machining and the fact that it provides allowance of his-
tological analysis for machining-induced necrosis [7]. The
bone was acquired from a local butcher and was immedi-
ately cut to obtain prism shapes of 15 x 15 x 15 mm? by
under vast amounts of saline solution to preserve the tis-
sue and its cells, as well as its mechanical integrity [35].
To obtain a flat surface suitable for the laser machin-
ing processes, all the samples were manually ground
(Tegrapol-21, Struers) with a 1200 SiC grit to achieve a
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final shape of 5 x 5 x 5 mm?, again, while using abun-
dant saline solution during the process. The samples were
rinsed with fresh saline solution in an ultrasonic bath
to remove any surface debris. Surface polishing was not
performed to avoid any contamination that could com-
promise the cellular integrity of the tissue. When not in
use, the samples were kept at — 20 °C in a saline soaked
gauze [36]. A total of 5 samples, including a control sam-
ple, were used for histological analysis, while a total of 27
samples were used for trench profile analysis.

2.2 Laser Ablation Tests

To machine the trenches, three laser types were used with
varying pulse widths (Figure 2), i.e., picosecond pulsed,
nanosecond pulsed, and continuous wave. The picosec-
ond laser used was an Nd:YAG laser with an ultra-short
pulse width of 60 ps with the pulse energy of 0.88 m]J and
average power output at 3.5 W. For the histological evalu-
ation, two feed speeds were selected [Pico-Fast (PF) =
5 mm/s, and Pico-Slow (PS) = 1 mm/s]. The continuous
wave laser (i.e., non-pulsed) used was an Nd:YAG laser
operating at 20% (19.5 W) of the maximum output power
(measured at 97.5 W) and a feed speed of 20 mm/s (CW)
was used to limit the total energy supplied to the sample.
The nanosecond laser used was an Nd:YAG laser with the
pulse energy of 0.52 m], average power output at 18.3 W,
and a pulse width of 200 ns. A feed speed of 5 mm/s was
used in the histological evaluation of the nanosecond
laser sample (Nano) to provide comparison with both:
(1) the total energy transferred to the sample in PS; and
(2) the average output power in CW. The complete laser
parameters can be found in Table 1. As a rule of thumb,
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Figure 2 Diagrammatic overview of the experimental setup for laser machining single trenches in bone: the experimental setup uses three
different lasers (represented as a single laser source for clarity) and a galvanometric scanner in conjunction with a multi-axis positioning system to
control the feed speeds for machining single trenches in the bone sample
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Table 1 Laser machining parameters for necrosis inspection
PF PS cw Nano
Laser type Picosecond (fast feed) Picosecond (slow feed) Continuous Wave Nanosecond
Wavelength (nm) 1064 1064 1090 1062
Pulse width (ps) 60 60 N/A 2% 10°
Repetition rate (kHz) 4 4 N/A 35
Average output power (W) 35 35 19.5 18.3
Peak pulse power (KW) 146 x 10° 146 x 10° N/A 26
Spot size (Lm) 40.0 40.0 30.0 515
Pulse energy (mJ) 0.88 0.88 N/A 0.52
Feed (mm/s) 5 1 20 5
Trench length (mm) 35 35 35 35
Total pulses along trench length 2800 14000 N/A 24500
Total interaction time (s) 168 x 107 840 x 107 0.175 490 x 107
Total energy (J) 245 12.25 341 12.81

the laser processing parameters were determined by
two primary factors: (1) avoidance of visible charring of
the bone at low feed speeds; and (2) acceptable material
removal efficiency at high feed speeds. The laser machin-
ing was completed without cooling/irrigation of the bone
samples, they were conducted in a fresh state to under-
stand the material behaviour and response to machin-
ing by different laser types as opposed to broadening the
scope to become an exercise in process optimisation.
Temperature measurements were completed using
the same laser parameters as the necrosis investigation
(Table 1). The temperature was measured by infrared (IR)
thermography using an FLIR A655SC Long Wavelength
IR camera with a 2.9 x magnification lens attached and
data was recorded at 50 Hz. To accurately record the
temperature with the IR camera, the emissivity of the
material must be known. Prior studies [37] have meas-
ured the emissivity of fresh bovine bone to be 0.96 & 0.1
at a temperature of 40 °C using the same FLIR A6655SC
camera, therefore, an emissivity of 0.95 for all experi-
ments was employed. The camera is calibrated for three
temperature profiles (— 40 °C to 150 °C (Figure 3(a)),
100 °C to 650 °C (Figure 3(b)), and 300 °C to 2000 °C (Fig-
ure 3(c))), as the temperature that the bone is elevated to
during laser machining did not always remain in one of
these profiles, the recording was repeated three times to
obtain a dataset in each of the temperature profiles for
each sample. This method facilitated the accurate tem-
perature recording (+ 2% accuracy) at both: (1) the lower
(~ 50 °C) region for investigating the spatial dissipation of
heat, and (2) the higher (>1000 °C) region for measuring
the maximum instantaneous temperature. The data was
processed using the ResearchIR Max software by FLIR
where spatial measurements of the temperature relative
to the radial distance from beam centre were measured

as well as the maximum temperature across a radial pro-
file relative to time (Figure 3).

In order to understand the mechanisms of material
removal taking place during the different laser processes,
high-speed imaging using an IDT Y4 camera was com-
pleted for stationary drilling with the continuous wave
and nanosecond-pulsed lasers.

2.3 Surface Inspection

To further evaluate the effects of the total interaction
time between the laser and bone sample on the surface
morphology after machining by each of the three laser
types, single trenches were machined across a range of
feed speeds, F, (mm/s) (Table 2). As the samples for this
stage were prepared prior to the completion of the histo-
logical analysis, the upper (F,,,,,) and lower (F,;,) bounds
were chosen based on the level of carbonisation observed
visually by optical microscopy after iterative pre-exper-
imental trials. More specifically, the F,;, bounds were
selected due to an elevated level of bone carbonisation
whereas the F,,, bounds typically had minimal dis-
colouration. The F steps were subsequently calculated
to ensure that a linear F range was evaluated over nine
trenches for each of the three laser types. All the operat-
ing parameters not dependent on F for each of the lasers
were kept identical to those used for the necrosis inspec-
tion (i.e., wavelength, pulse width, repetition rate, average
power output, spot size, pulse energy).

Following the laser machining of the samples, 3D
inspection of the trenches was completed using the
Bruker Alicona InfiniteFocus G4. This was achieved by
non-contact probing by focus variation which allowed
for measurements of the trench depth and the surface
morphology around the cut surface. The data was pro-
cessed using the MountainsMap 7 Premium software
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Figure 3 Schematic overview of thermal imaging methodology: the schematic depicts the experimental methods used to investigate the thermal
properties in the surface of the bone sample during laser machining. The radial profile is used for both the spatial and temporal plots. It should

be noted that the colour bar is non-linear and uses plateau equalisation to improve the contrast for the entire scene. As there is not one camera
calibration profile to cover the complete temperature range, three recordings were used: (a) low-range, (b) mid-range, (c) high range
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Table 2 Laser machining feed speeds for surface morphology

inspection

Parameter Picosecond Nanosecond Continuous wave
Fonin (MM/s) 0.25 2.50 5.00

Frnax (MM/S) 6.25 6.50 45.00

Step (mm/s) 0.75 0.50 5.00

Machined feature  Single trench  Single trench  Single trench

from Digital Surf. The scans were first levelled in the
vertical direction based on the mean surface height of
the unaffected areas surrounding the trench to obtain
an accurate reference plane to measure the trench
depth from. A series of cross-sectional profiles of the
trench were taken to calculate the mean depth across
the profile, these were subsequently plotted and centred
on the maximum trench depth. The maximum trench
depths for the range of feed speeds (Table 2) were also

studied to investigate the linearity of the trench depth
relative to feed speed.

2.4 Histological Analysis
To make a necrosis assessment, histological analysis
was performed on a set of 5 samples, including a con-
trol sample. The methodology for doing this has been
documented in a previous work [7], but it mainly con-
sists of a cellular fixation process using 10% neutral for-
malin, a 10-day decalcification process for softening the
tissue, mounting all the samples in paraffin, sectioning
the mounted samples with a microtome to obtain 7-um
slices, an H&E staining process to allow improved mor-
phological observation of the tissue and, finally, mount-
ing the stained slices in a mixture of distyrene, plastic and
xylene (i.e., DPX). This process yields microscopy slides
with stained bone slices that are fit for analysis under
light microscopy.

Image analysis and necrotic depth evaluation (i.e.,
measurement from the trench site to the disappeared
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surface topography maps observing a single trench machined by (a)
the picosecond laser at a feed speed of 4.0 mm/s, (b) The picosecond
laser at a feed speed of 1.0 mm/s where cracks that are propagating
perpendicular to the feed direction from the kerf edges are visible,
(c) The nanosecond laser at a feed speed of 6.0 mm/s, (d) The
continuous wave laser at a speed of 35.0 mm/s

osteocytes extent) were made in Fiji (Image]). Addition-
ally, a control sample (i.e., non-machined) was employed
to confirm that the sample preparation process did not
induce necrosis to the tissue. In total, 5-7 slices per sam-
ple were inspected.

3 Results

3.1 Surface Quality Assessment

Surface integrity is an important aspect in conventional
materials, such as metals [38], since the surface condi-
tion post-machining can alter the material behaviour in-
service and possibly lead to early-stage failures if abusive
cutting conditions occur [39]. In cortical bone this is also
the case; thus, to understand the influence of laser type
(in terms of pulse width) on the machining efficiency, a
metrological assessment of the machined trench and
bone surface was completed. Topological maps (see Fig-
ure 4) observing a plan view of the machined surface
revealed the variation in single trench geometry for the
laser types. Moreover, two feed speeds (1.0 mm/s and
4.0 mm/s) for samples machined by the picosecond laser
to determine the extent to which feed speeds affect the
single trench geometry and surface morphology for
lasers in the same pulse width region.

It was found that the lowest kerf width (54 um) was
achieved by the picosecond laser at a feed speed of
4.0 mm/s (Figure 4(a)) which contrasted the slower pico-
second laser (F = 1.0 mm/s) (Figure 4(b)) that had a kerf
width of (83.50 pm)—a 55% increase. The kerf edges were
also more defined in the faster picosecond laser than the
slower, where the latter showed surface cracks propagat-
ing perpendicularly to the feed direction. The faster pico-
second laser also produced a smoother trench floor (R,
= 3.22 um) than the slower (R, = 15.05 um). This combi-
nation of well-defined kerf edges and a smoother trench
floor in the faster picosecond sample suggests that for
machining trenches with multiple passes, the decrease
in single trench depth may be offset by optimised sur-
face, i.e., the laser beam focus would be more controlled
throughout multiple passes compared to a rougher sur-
face where the undulations in surface height would not
remain in optimal focus.

On the other hand, the kerf width of the trench
machined by the nanosecond laser at a feed speed of
6.0 mm/s (Figure 4(c)) was measured at 81.03 pm, which
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was similar to that in the slower picosecond laser (F =
1.0 mm/s), however the trench floor was similar in rough-
ness (R, = 3.42 um) to that of the faster picosecond laser
(F = 4.0 mm/s). Although the trench floor roughness in
the sample machined by the continuous wave laser (F =
35.0 mm/s) (Figure 4(d)) was the lowest measured (R,
= 1.55 pm), there is a small kerf taper which widens the
kerf width (64.27 pm) at the machined surface due to the
convergence/divergence of the beam above and below the
focal point.

If the machining efficiency was the only goal, then the
key factors influencing the decision of laser type would
be one which achieves a deep trench depth at a fast feed
speed. From a clinical frame of reference however, this
decision is more nuanced; requiring a higher weight-
ing to be given to the later discussed necrotic damage
(see Figure 9). To address the efficiency problem, the
mean cross-sectional trench profiles were calculated
(Figure 5) for the bone samples machined with identi-
cal parameters as those used in the histological assess-
ment and curves plotting the mean trench depth over a
range of feed speeds (Figure 6) were used to investigate
the linearity of the relationship. The mean profile width
of the nanosecond (F = 5 mm/s) laser trench was the
broadest due to the graduation of the kerf, whereas the
continuous wave laser trench profile was the slender-
est. It could be posited that a narrower kerf would be
a beneficial characteristic of the laser in a clinical set-
ting, allowing for precise cutting paths. This precision,
however, would need to coincide with a high degree of
predictability to be accurate. When the trench depth
machined by the continuous wave laser is compared
with feed speed (Figure 6), there is a low coefficient of
determination between the variables (R?> = 0.77) com-
pared to those machined by the picosecond laser and
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nanosecond laser (R = 0.90 and R? = 0.93 respec-
tively). This leads to the implication that the reliability
and stability of the laser source is an important factor
to consider. For feed speeds > 3.5 mm/s, the trenches
machined by the nanosecond laser increase greatly
in their depth, and the sharp decrease as feed speeds
increase offer an exceptionally narrow window of oper-
ation for this laser despite the high fit. Conversely, over
a similar range of feed speeds, the trench depths after
machining by the picosecond laser occupied a far nar-
rower span of depths whilst also maintaining a compar-
atively high fit.

To understand the causes non-linear relationship
between trench depth and feed speed for the different
laser types, an investigation into the thermal behaviour of
the machined bone was completed (Figure 7). By plotting
temperature across the radial profile taken at the time
when the radius that was greater than 50 °C was at a max-
imum (Figure 7(a)), the thermal penetration depth can be
considered. Comparing this spatial data with the tempo-
ral data (Figure 7(b)) measured across the same profile
allows us to obtain a clearer understanding of the mecha-
nisms which influence the machining efficiency and the
level of necrosis. The distance where the temperature
of the bone >50 °C was the highest after machining by
nanosecond laser (1550 pm) which is far greater than the
samples cut by the other lasers. Despite the continuous
wave laser increasing the surface temperature to 1318 °C
compared to the nanosecond laser (830 °C), there is a far
greater rate of cooling in the former. The distance that
temperature was elevated >50 °C after machining by the
picosecond laser was substantially smaller for both tested
feed speeds, which can be explained by the high rate of
cooling observed in them after reaching their peak tem-
perature. The low thermal penetration depth and high

-100.00 -75.00 -50.00 -25.00 0.00 25.00 50.00 75.00 100.00
000 I I I I L I
E -50.00 X
=
c
a -100.00 T ——PF: Picosecond - 5
8 mm/s
4 PS: Picosecond -1
= -150.00 PS: P
GC_) ——CW: Continuous
= -200.00 -+ wave - 20 mm/s
Nano: Nanosecond -
5 mm/s
-250.00 ;
Trench Width (um)
Figure 5 Mean cross-sectional trench profile: the mean cross-sectional trench profiles were plotted for samples machined with identical process
parameters as those used in the histological analysis
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Figure 6 Investigation into the effect of feed speed on the trench depth: the maximum trench depth taken from the mean cross-sectional profiles
were plotted over a range of feed speeds to compare the efficiency and predictability of machining by the different laser types

cooling rate observed in the faster (5 mm/s) picosecond
laser sample leads to the prediction of positive results in
the later necrosis assessment.

Using high speed imaging whilst machining by the con-
tinuous wave laser and nanosecond pulsed laser, the dif-
ference in material removal mechanisms was observed
(Figure 8). In the nanosecond pulsed laser (Figure 8(a)),
the initiation of plasma generation (Figure 8(a)-(ii)) fol-
lowed by the subsequent micro-explosions (Figure 8(a)-
(iii)) caused pressure waves to propagate through the
surface (Figure 8(a)-(iv)). These explosions cause the
expansion of the plasma plume leading to the ejection
of vapourised and melted material from the surface. On
the other hand, machining with the continuous wave
laser (Figure 8(b)) was not explosive, rather, the mate-
rial removal was almost entirely a thermal mechanism.
Some ionisation of the surface material was present at

the beginning of the laser interaction (Figure 8(b)-(ii)),
and during this period the bone was heated, initiating a
melt pool (Figure 8(b)-(iii)). Further heating by the laser
caused a bubble to form which also contained carbon-
ised debris (Figure 8(b)-(iv)). The contents of the bub-
ble were seen to be rotating and growing in volume over
time. The bubble then overcame the surface tension of
the surrounding melt pool and was ejected from the sur-
face—removing both the molten material and carbonised
debris. This difference in material removal mechanisms
for a continuous wave laser and nanosecond pulsed laser
highlights the transition from thermomechanical to ther-
mal when longer/continuous pulse durations are used.

3.2 Necrotic Damage Assessment
Conventional machining processes (i.e., drilling, mill-
ing) have shown that temperatures as low as 50 °C can

(See figure on next page.)

Figure 7 Investigation of thermal effects after laser machining: (a) the thermal penetration depth is plotted relative to the radial distance from
the laser beam centre measured by infrared thermography. The profiles were selected from the recorded frame where the radial distance from the
beam centre at a temperature greater than 50 °C was at a maximum. A 50 °C reference line is also plotted. (b) The cooling behaviour was studied
through the use of temporal plots evaluating the maximum temperature along a radial profile from the beam centre relative to the time passed

since peak temperature was achieved
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Figure 8 High-speed camera investigation of material removal mechanisms during laser machining: the bone surface was imaged perpendicular
to the beam direction during (a) nanosecond pulsed laser machining and (b) continuous wave laser machining. Sequence (a) was captured at
100,000 fps with an 8 us exposure time; due to the high repetition rate (35 kHz) the image sequence was not able to be taken from an individual

pulse. Sequence (b) was captured at 20000 fps to allow for a greater vertical field of view, and a 48 us exposure time was used

produce necrotic damage in cortical bone if withheld for
30 seconds [17]; however, should larger temperatures
occur, they will induce necrosis much faster. Neverthe-
less, in laser machining, the mechanical effect is removed
due to the thermally dominant process that is laser abla-
tion and as a result, heat generation can be enough to
cause thermal necrosis in bone [25], but this can be
minimised with the use of air and water spraying during
the laser cutting process [29]. While the use of coolants
is necessary in clinical environments as a precautionary
measure for necrosis avoidance, in a research environ-
ment it does not allow a straight-forward analysis of the
material response to different types of lasers. Thus, with
the intention of studying the effect that the native laser
(i.e., without any coolant) could have on the tissue in

terms of thermally induced necrosis, the samples were
assessed with histological analysis (see Figure 9). Necro-
sis was evaluated by measuring the normal distance from
the trench site until the extent within the tissue at which
the lacunae stopped from being empty (i.e., with dead
osteocytes) to being filled (i.e., with osteocytes).

It is observed that a larger temperature does not nec-
essarily imply a larger necrotic depth if the acting time
of the temperature is short (Table 3). Machining with the
picosecond laser at 5 mm/s (PF) produced a maximum
temperature of 122 °C and resulted in a necrotic depth
of 79 + 7 um, while also depicting the shallowest trench
(Figure 9(b)). Slowing down the feed rate by 5 times (i.e.,
1 mm/s, PS) produced a maximum temperature of 143 °C
and a necrotic depth of 190 &+ 39 pum (Figure 9(c)), clearly

(See figure on next page.)

Figure 9 Histological analysis for necrosis assessment: the necrotic depth was assessed by measuring the normal distance from the trench profile
to the dashed black line, which marks the interface between the zone with empty lacunae (i.e, necrotic zone) and the zone with filled lacunae
(e, necrosis-free zone): (@) Control sample free of necrosis, as all lacunae are filled with osteocytes, (b) Picosecond laser machining at 5 mm/s (PF)
exhibits a necrotic depth of 79 = 7 um, while also depicting the smallest trench, (c) picosecond laser machining at 1 mm/s (PS) shows a necrotic
depth 190 £ 39 um and shows a trench depth that almost reached the bottom of the sample, (d) continuous wave laser machining at 20 mm/s
caused a necrotic depth of 194 £ 19 um, which is similar to the one in ¢, but in this case the trench is much shallower, (e) nanosecond laser
machining at 5 mm/s showed a necrotic depth of 268 = 67 pm, while also exhibiting a deep trench and carbonisation traits in the trench profile
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Table 3 Necrotic depth for all the laser conditions
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Alias Laser Feed, F Trnax °C) Duration of sample Necrotic depth (um), avg Number of
(mm/s) above 50 °C (s) =+ std. dev. measurements,
n
PF Picosecond 5 122 0.085 79+7 48
PS Picosecond 1 143 0.530 190 £ 39 56
cw Continuous wave 20 1318 1.790 194 £ 19 52
Nano Nanosecond 5 830 11.000 268 + 67 62

showing that a longer exposure to same-power laser will
inherently facilitate temperature build-up and, therefore,
increase necrosis. The continuous wave laser at 20 mm/s
feed (CW) produced the highest temperature of all tests
with a maximum value of 1318 °C, but the necrotic depth
was not the greatest, with a value very close to that
achieved in PS conditions: 194 + 19 pm (Figure 9(d)).
Cutting at 5 mm/s with the nanosecond laser (Nano)
produced a temperature of 813 °C, which resulted in the
largest necrotic value of 268 + 67 um (Figure 9(d)). Note
how even when the PS produced a larger maximum tem-
perature than the Nano, the nanosecond laser produced
carbonisation in the tissue, which is visible along the
trench profile in Figure 9¢; phenomenon that is not vis-
ible in (Figure 9(c)). Thus, this inherently shows that the
necrosis is strongly affected by the laser power and acting
time in tissue, but also proves that the pulse time of the
laser will result in a different material response.

A separate control sample subjected to the same exper-
imental conditions, but excepting the laser ablation pro-
cess, was also assessed with histology to confirm that
the handling, preparation, and storage processes did not
induce necrosis to the tissue (Figure 9(a)). The evaluation
showed no evidence of necrosis neither in the vicinity of
the free surface nor in the bulk region of the sample, i.e.,
all the lacunae appear filled. Consequently, this confirms
that the followed methodology is appropriate for this
study and that the necrotic damage from PS, PF, CW and
Nano samples was induced by the thermal effect of the
laser machining process.

4 Discussion

Bone machining under conventional methods such as
milling, grinding, or sawing, involves the mechanical
removal of material, which inherently produces a mixed
thermomechanical process that induces damage to the
tissue in various forms (e.g., cracks, mechanical proper-
ties decay, necrosis, carbonisation, etc.). Altogether, these
forms of damage alter the bone regeneration capacity
and the healing process (i.e., the remodelling process of
the bone is hindered) [18], being also able to affect any
implant bonding process [40].

An approach to reduce these types of damage is to use
non-conventional machining techniques, such as laser
machining. Here, the effect that the laser pulse width and
the feed speed have on necrosis inducement and trench
profile were explored. To do so, gold-standard technique
of histology has been employed towards biological tis-
sue analysis for necrosis assessment post-machining.
Additionally, the trench profiles under various feed
speeds and laser pulse widths were measured and ana-
lysed in accordance with the respective laser processing
parameters.

The metrology assessment showed a non-linear rela-
tionship between the feed speed and trench depth (Fig-
ure 6) in all laser types (i.e., picosecond, nanosecond,
and continuous wave). As found in the thermal analy-
sis during machining (Figure 7(b)), the maximum tem-
perature of the bone can be increased significantly in
a rapid time period. With all the samples recording
>100 °C temperatures, some vaporisation of the water,
which is a key constituent of bone [41], would initially be
expected from a purely thermal viewpoint. This would
alter the composition of the bone so that there is a non-
constant ratio of the volume of the constituent (e.g.,
water:collagen:hydroxyapatite), thus contributing to non-
linear optical properties (i.e., the wavelength dependent
optical absorption coefficient). The non-linear absorption
characteristics have also been discussed in an investiga-
tion of laser machining trabecular bone [42], where it was
theorised that the bone marrow, consisting of water and
other organic material, would be vapourised in the initial
stages because of their lower vaporisation temperature
than that of hydroxyapatite.

Surface cracks propagating perpendicularly from the
trench direction were also found in the slower picosec-
ond sample (F = 1.0 mm/s) (Figure 4(b)). As the tem-
perature in this sample was not raised to the elevated
temperatures recorded after machining by the continu-
ous wave and nanosecond laser, which did not show
cracks, it is unlikely that thermally induced stresses were
their cause. A more likely explanation is that the com-
paratively higher fluence (i.e., energy per unit area) of
the picosecond laser (69.67 J/cm?), when compared to
the nanosecond laser (25.11 J/cm?) with the longer pulse
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width, was the source of these cracks. This high fluence
and the high associated peak pulse power (picosecond
= 14.6 MW, nanosecond = 2.6 kW) would introduce
non-linear optical breakdown, where the increased pho-
tomechanical effect caused by the explosive generation
of plasma—introducing cracks [43]. This theory is sup-
ported by the high-speed imaging investigation (Figure 8)
where the nanosecond pulsed laser removed material
by a thermomechanical mechanism as opposed to the
continuous wave laser which was thermal. Combining
these findings with those from the thermal investiga-
tions (Figure 7), it could be suggested that decreasing the
pulse width further (i.e., to the picosecond region) would
reduce the thermal effects seen in the nanosecond laser
sample, transitioning to photomechanical effects instead.
It is also interesting how the cracks were not present after
picosecond laser machining with a faster feed speed (F =
4.0 mm/s), potentially due to less dehydration of the bone
coupled with the lower associated temperature increase
preventing the bone becoming more brittle and therefore,
less susceptible to crack initiation by the plasma induced
pressure wave. This lack of thermal damage also sug-
gests the promising possibility of using lasers with a short
pulse width and higher feed speeds in a clinical setting to
substantially minimise the necrotic depth observed in the
lasers with a longer to continuous [44] pulse width.

Necrosis evaluation (Table 3) showed that the great-
est necrotic depth occurred for the nanosecond (Nano)
laser with a value of 268 £+ 67 pum, which is an interest-
ing outcome, given that the maximum temperature was
recorded for a different laser (i.e., the CW laser reached
a peak value of 1318 °C and necrotic depth of 194 + 19),
while the Nano just reached a maximum of 830 °C. Nev-
ertheless, by looking at Figure 7(a) the peak tempera-
ture drops to a necrotic threshold value (i.e., 50 °C) at
ca. 750 pm from the laser beam centre, while the Nano
depicts a deeper propagation up to almost twice the dis-
tance (1500 um); thus, showing that even if the peak tem-
perature was lower, it penetrated deeper into the bone.
Additionally, from Figure 7(a), the Nano laser machining
natural cooling time after laser exposure remained above
50 °C much longer than any of the other laser combina-
tions used for histology (see Table 3). The reason for this
is that the Nano laser frequency (35 kHz) in combination
with the pulse energy of 0.52 J (see Table 1) results in the
greatest laser energy input towards the bone (i.e., 12.817]),
even if the laser interaction time was not as great as with
continuous wave. This implies that the nanosecond laser
conditions employed, produced the greatest heat genera-
tion and heat transfer into the tissue, thus resulting in
increased carbonisation and a higher necrotic depth.

It is interesting to note that the total input energy from
the picosecond laser with slow feed (PS) also has a similar
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input energy of 12.25 J; however, the necrotic depth for
PS was evaluated as 190 £ 39 um. The picosecond laser,
having its pulse width about 3000 times shorter than the
nanosecond, allows for a larger pulse energy and a lower
frequency. Therefore, these conditions favour the natural
convection that cools down the sample after each laser
pulse; these is the reason why the PS and PF laser con-
ditions produced the minimum necrosis values. It is also
interesting that even when the feed speed was 5 times
larger in PF against PS, the peak temperature was only
lower by 21 °C; however, the difference in necrotic depth
is much more noticeable (i.e., 79 & 7 pm in PF vs. 190 £+
39 in PS); in this case, being the faster feed the only dif-
ference, laser interaction time is minimised and therefore
less temperature and necrosis will occur.

The increased heat generation after nanosecond laser
machining may be explained by the frequency dependent
pulse overlap. This can be demonstrated by comparing
PF with Nano, with the respective frequencies of 4 kHz
and 35 kHz, coupled with the spot sizes of 40.0 pym and
51.5 pm. In PE, there is an overlap of 96.9% (38.75 pum)
compared with 99.7% (51.36 pm) in Nano. At the feed
speeds in PF there are 32 individual pulses in the time
taken to travel the distance of 1 spot diameter as opposed
to 1802.5 in Nano, when also considering the pulse
widths it becomes clearer how Nano suffers a longer
cooling time.

When comparing the effect of PS and CW lasers in
histology, the necrotic depth could be regarded as equal;
even though there are evident differences in temperature
behaviour (see Figure 9). The CW laser, while not allow-
ing intermittent natural convection (i.e., cooling between
each pulse), eases heat conduction through the tissue,
which is why carbonisation occurred in CW and not in
PS. The reason for achieving a similar necrotic depth
could be that even if the total input energy from PS is
12.25 ] (i.e., 4 times larger than that from CW), the laser
interaction time is very little (i.e., 8.4 x 1077 s), while in
CW the interaction time is 0.175 s. The drastic difference
in laser interaction time between PS and CW (which is
dependent on the pulse width and frequency) allows to
achieve similar necrotic damage, but due to the large feed
speed of CW (i.e., 20 times faster than PS), the machined
trench is shallower than that from PS (see Figure 9(c),
(d)).

In all cases, the peak temperature exceeded 100 °C,
which could produce dehydration in the tissue [45] and
therefore induce brittleness and micromechanical prop-
erties decay [7]. However, micromechanical properties
evaluation is out of the scope of this research. Neverthe-
less, the exceedingly large temperatures here measured
(i.e., >800 °C for Nano and CW lasers), even when only
lasting a fraction of a second in the tissue, were high
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enough to produce carbonisation in the tissue, another
type of damage different from necrosis. Carbonisa-
tion traits, which are expected to be removed during
the histological analysis processing, are even visible in
the trench profile from the histological slices (see Fig-
ure 9(e)), which is coherent with this sample also exhibit-
ing the greatest necrotic depth.

While it is known that laser machining of bone is a
promising technique towards intelligent tooling systems
for surgical interventions, laser processing parameters
imperatively need optimisation to compete with con-
ventional machining processes, which are characterised
by a much larger material removal rate [33]. The find-
ings from this research show that the pulse width in laser
machining of bone plays a major role both in the surface
quality, trench depth (i.e., which is related to the material
removal rate) and in cellular damage (i.e., necrosis). Here,
it is shown that greater energy density can be employed
in the laser processing parameters only if narrower pulse
widths are employed, but the frequency should be cho-
sen to allow enough convection between each pulse. It
is important to mention that this study is limited to dry
machining (i.e., no external coolants were used to allow
for a more native material response to various laser con-
ditions) and was carried out in ex-vivo specimens.

5 Conclusions

An experimental study was performed to assess the
surface quality (i.e., roughness, trench depth, cracks)
and induced cellular damage (i.e., necrosis) in ex-
vivo bovine cortical bone, following laser machin-
ing processes at various feed speeds (i.e., 1-20 mm/s)
and laser pulse widths (i.e., 60 ps, 200 ns, continuous
wave). Thermal measurements showed that peak tem-
peratures during processing can reach up to 1318 °C
for an instant, but the thermal distribution is affected
by the cooling time (i.e., time between each pulse).
Surface inspection showed that there is a non-linear
relationship between feed speed and trench depth and
a notably, a large depth variation over a small feed
speed range for the nanosecond laser when compared
to a similar feed range by the picosecond laser. Surface
cracks were also found on the sample machined by the
picosecond laser at a slow feed speed (F = 1.0 mm/s),
the absence of these cracks in the other samples indi-
cates that their formation may be caused by the pro-
duction of an explosive plasma pressure wave and is
potentially exacerbated by dehydration of the bone.
Histological analysis revealed that the 200 ns pulse
width produced the greatest necrotic damage and car-
bonisation, whereas the 60 ps pulse width produced the
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minimum; being the main reason that a shorter pulse
width facilitates intermittent convection between each
pulse (favoured cooling).

This study reveals how choice of laser type (i.e,
pulsed or continuous wave) needs to be considered for
the further development of laser osteotomy. Addition-
ally, it exposes how pulse duration and frequency leads
to large variations in the thermally induced effects
imparted to the bone during machining. This highlights
the potential for the use of ultra-short pulse widths (i.e.,
in the picosecond range) to shift the material removal
mechanisms from thermal to optomechanical, reducing
the temperature-dependent necrotic depth and in-turn,
the opportunity to improve healing times in a clinical
scope.
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