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The potential of ultrafast lasers (pico- to femtosecond) in orthopedics-related procedures has been studied extensively for

clinical adoption. As compared to conventional laser systems with continuous wave or longer wave pulse, ultrafast lasers

provide advantages such as higher precision and minimal collateral thermal damages. Translation to surgical applications

in the clinic has been restrained by limitations of material removal rate and pulse average power, whereas the use in

surface texturing of implants has become more refined to greatly improve bioactivation and osteointegration within bone

matrices.
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1. Ablation Parameters

Early research of ultrafast laser ablation of bone tissues was predominantly focused on modification and microsurgery of

teeth, ear  and spine, with very few publications in orthopedic surgery of the peripheral extremities (long bones of arm

and leg). Despite all the advantages, the main issue that limits its clinical translation and acceptance, namely the low

ablation removal rate, has remained the same even to date . For instance, two studies published in 2007

discussed the use of ultrafast laser for bone ablation. Wieger et al. conducted a comparison study of laser osteotomy on

bovine bone tissues using a femtosecond (fs) Yb:glass laser (pulse duration = 330 fs; λ = 1040 nm; pulse repetition rate

(PRR) = 1 kHz; max. average pulse energy = 130 μJ) and a conventional Er, Cr:YSGG laser system (pulse duration = 53

µs; λ = 2780 nm; PRR = 20 Hz; max. average pulse energy = 300 mJ) . The ablation rate of the femtosecond laser (~4 ×

10  mm /s) was found to be approximately 400-fold slower than the Erbium laser (~0.15 mm /s) given a power density of

~1000 W/cm , but could be further optimized by increasing the PRR while maintaining the favorable cut surface

morphology. The ablation thresholds were calculated to be 0.82, 0.78 and 0.54 J/cm  for spongiosa bone, compacta bone

and cartilage, respectively, with an average of 72.4 laser pulses overlapped. Moreover, an ultrafast laser system

consisting of a diode-pumped Yb:glass laser seed source and a Yb:KYW thin disk laser head (pulse duration = 900 fs; λ =

1030 nm; PRR = 45 KHz; max. average pulse energy = 100 μJ) was used by Liu et al. to achieve a maximum ablation

rate of 0.15 mm /s in porcine femora at the given power output, which was acceptable clinically for knee arthroplasty .

Additionally, in precision surgery such as stapedotomy, ultrafast laser has also been proven ideal by offering minimal

thermal and acoustic damage .

Encouragingly, in the past decade, several studies have discovered more novel practices using ultrafast lasers and

attempted to tackle the obstacles in the clinic. Notably, Subramanian et al. have developed a lightweight, miniaturized

surgical ultrafast laser probe that offers clinically acceptable ablation speed in orthopedic surgery, enabling the potential of

robotic integration . Another group also established an optical real-time monitoring of ultrafast laser bone drilling utilizing

plasma emission spectroscopy, which allowed for differentiation between bone and bone marrow . The feasibility of

drilling large-sized, deep holes on cortical bones has also been demonstrated . Furthermore, the fastest ablation rate

on cortical bone tissues to date is 0.99 mm /s in the literature, which was performed on fresh ex vivo sheepshank bone

under a cooling condition by Zhang et al. in 2020 , followed by 0.66 mm /s on dried ex vivo defrost and dried porcine

femurs under a non-cooling condition reported by Gemini et al. in 2021, using industrially available femtosecond laser

sources , in comparison to mechanical tools that enable drilling and cutting speeds of up to 5 mm/s . The upscaling

of ablation rate is fundamentally constrained by the average powers combined with considerations of repetition rate

optimization as well as thermal effect on the tissue . The phenomenon arises from the fact that, at the given laser

average power and wavelength, an increase in single pulse energy resulting from a decrease in PRR improves the

ablation rate until the saturation point where laser energy begins to spread outside the penetration volume . Gemini et

al. also compared bone ablation efficiency in different wavelength regimes (IR—1030 nm, visible—515 nm, UV—343 nm),

average powers (IR—6.27 W, visible—6.27 W, UV—3.9 W), PRRs (250, 500, 1000 kHz) and scanning speeds (1000,

2500, 400 mm/s) with the conclusion that visible regime, the lowest PRR and the highest scanning speed provided the

best ablation rate without thermal tissue disturbance because bone chromophores responded differently to the three
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wavelength regimes . Moreover, the ablation rate is sometimes affected by bone debris accumulation depending on the

amount generated, and thus can be further upscaled by immediate debris removal after each pulse using a cooling

system . It was demonstrated that compressed air flow and water flow could reduce bone debris by 64% and 76%,

respectively; however, significant laser energy loss was observed under water cooling conditions leading to the slowest

ablation rate . It has also been noted that sample conditions, specifically ex vivo vs. in vivo, dried vs. fresh and storage

conditions, as well as bone surface processing such as sanding, polishing or unaltered can have a significant influence on

the ablation performance ; thus, it is crucial to simulate a real clinical situation for accurate and consistent

assessments. Table 1 summarizes the ablation rates from ultrafast laser bone ablation studies of different bone samples

using different laser parameters.

Table 1. Summary of recent studies on the use of ultrafast lasers for orthopedic applications.

Author/Year Bone Type
Ablation
Rate
(mm /s)

Laser System Parameters Potential Application

Subramanian et
al., 2021 Bovine rib (fresh) >1.7 × 10 A CaF  objective;

Er-doped fiber; 1552 nm, 600 fs, 303 kHz

A miniaturized surgical
probe for robotic

microsurgery such as
spine

Gemini et al.,
2021 

Porcine femurs
(defrost and dried) 0.66

A Tangerine industrial femtosecond
laser, Amplitude Laser; 517 nm, 350 fs,

250 kHz

Clinical automated high-
resolution orthopedic

surgery

Ashforth et al.,
2020 

Bovine and ovine
cortical bone

(fresh)

0.90
µm/pulse *

A Ti:Sapphire femtosecond pulsed laser;
800 nm, 140 fs, 1 kHz

Handheld or robotic
high-precision

orthopedic surgery
procedures

Zhang et al.,
2020 

Sheepshank bone
(fresh) 0.99 A Yb:KGW femtosecond laser; 1030 nm,

230 fs, 200 kHz
Large-size hole drilling

with real-time monitoring

Aljekhedab et
al., 2019 

Bovine cortical
bone (fresh) 0.60 × 10 A Ti:Sapphire femtosecond laser;

800 nm, 210 fs, 1 kHz
High-precision bone

cutting surgery

Tulea et al.,
2015 

Cow femur cortical
bone (fresh, dried

or fixed)
0.19 A Nd:YVO  picosecond laser; 532 nm, 25

ps, 20 kHz Bone surgery

Plötz et al., 2014 Porcine rib (fresh) 8.7 × 10 A Nd:YVO  laser; 1064 nm, 8 ps, 500 kHz Dental surgery

Su et al., 2014 Bovine femoral
condyle (fresh)

0.80 × 10

A Ti:Sapphire femtosecond laser
combined with an optical parametric

amplifier; 1700 nm, pulse duration N.R., 5
kHz

Microfracture surgery for
articular cartilage injury

in the knee

* Reported as depth removal per pulse.

Characterization of the ablation threshold and the incubation effect likewise plays a major part in optimizing ablation

performance on a particular bone type. Ablation threshold, which represents the minimal laser fluence needed to initiate

material removal from a surface , can be measured by exposing the surface to ultrafast laser pulses of decreasing

energy or beam radius until no material removal occurs  or using the D -technique calculation based on the

correlation between the diameters of ablated craters and different pulse energy levels . Bone ablation

is usually optimized when the pulse energy is sufficiently higher than the threshold to ensure pulse-to-pulse consistency,

but not exceeding a limit that could induce collateral thermal damage . The balance between ablation rate and fluence

therefore needs to be well characterized for the bone tissue, otherwise negating the most unique advantage of minimizing

thermal effects . On the other hand, incubation effect refers to the phenomenon where a reducing ablation fluence

threshold is accompanied by an increasing number of incident laser pulses in a power law relationship , and is typically

caused by sufficient energy deposit from the few initial pulses for subsequent pulses permitting lower than single-pulse

ablation threshold . An incubation coefficient value of 1 indicates no incubation effect. Incubation effect is the

most profound at lower pulse numbers where ablation threshold is rapidly reduced as the pulse numbers increase until a

saturation point , and has been shown to modify tissue structures significantly enough, especially at higher PRR, to

create beam distortion, shadowing and substantial light scattering due to debris shielding, thus leading to considerable

thermal disturbance and decrease in ablation rate . With that being said, a recent study by Ashforth et al. concluded

that there was none to very little incubation effect found for two types of cortical bones (bovine and ovine) by showing the
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same incubation coefficient (1.02 ± 0.05) . The possible reason, as the authors explained, could be due to the already

high level of microscopic inhomogeneity of native bone tissues; the newly introduced structure defects from laser ablation

were consequently negligible. For clinical translation, such behaviors are indeed beneficial in the way that the efficiency of

ultrafast laser ablation can remain consistent while drilling into different bone structures. Table 2 outlines the ablation

threshold for different tissue types using different laser parameters.

Table 2. Summary of ablation thresholds determined for different bone types. N = Number of pulses.

Author/Year Bone Type Ablation Threshold (J/cm ) Pulse Duration
(fs)

Wavelength
(nm)

Subramanian et al.,
2021 

Bovine cortical bone
(fresh; unaltered)

1.38 ± 0.18
(N = 25.83 *; multi-pulse

threshold)
600 1552

Ashforth et al., 2020 
Bovine and ovine cortical

bone
(fresh; unaltered)

0.92 (bovine)
0.97 (ovine)
(N = 1000)

140 800

Plötz et al., 2014 Porcine cortical bone
(fresh; unaltered)

1.5
(N = Not Reported)

8 × 10 1064

Cangueiro et al., 2012 Bovine cortical bone
(fresh; polished)

0.32 ± 0.04
(N = 100) 500 1030

Nicolodelli et al., 2012 Bovine cortical bone
(fresh; polished)

0.23
(N = 1000) 70 801

Emigh et al., 2012 Porcine cortical bone
(fresh; unaltered)

1.75 ± 0.55
(N = 1000) 170 800

Lim et al., 2009 Bovine cortical bone
(fresh; polished)

1.22 ± 0.29 (strong)
0.79 ± 0.18 (gentle)

(N = 1000)
150 775

Girard et al., 2007 Porcine cortical bone
(fresh; polished)

0.69 ± 0.08
(N = 1000) 200 775

* Estimated averaged N value predicted by simulation.

2. Thermal Effect

As discussed before, ultrafast laser ablation is overall characterized by minimal thermal damage and limited heat diffusion

outside of the focal volume, because the dominant mechanism, namely multiphoton absorption of light and avalanche

ionization or hydrodynamic plasma expansion , is not thermally mediated with only little heat deposition, making it an

auspicious technique in the clinic . Still early studies demonstrated some carbonization, cracking and melting

, which could be mitigated by employing cooling systems . Nevertheless, recent studies have shown more

optimized performance . In particular, Ashforth et al. reported no observations of a heat-affected zone at the

maximum laser fluence and pulse numbers by assessing any forms of carbonization, discoloration and microcracking

around the craters using light microscopy . Canteli et al. evaluated thermal effects on fresh bovine femur using a

nanosecond laser source (20 ns, 355 nm, 2–100 kHz) as compared to a picosecond laser source (12 ps, 1064 nm, 100–

600 kHz), and found that the picosecond laser, although not as ideal as femtosecond lasers, resulted in significantly

reduced heating compared to the nanosecond laser . The study by Gemini et al. provided optimization strategies and

described the observation of increasing thermal accumulation while decreasing scanning speed and increasing PRR

individually in the IR and visible wavelength regimes . When both the scanning speed and PRR were increased, not

only thermal loads increased but expanding plasma plume was also produced, leading to reduced ablation efficiency and

precision. However, the observation did not apply to the UV regime, where collagen and hemoglobin are the main

absorbers. No specific behavior was detected with changing parameters; the thermal load was comparatively high enough

at the lowest PRR to generate laser-induced bone calcination. In Figure 1, laser-irradiated damages such as the typical

thermal-induced particle-like roughness and micro-cracks can be seen under SEM images at a higher PRR (Figure 1a),

whereas native bone structures containing blood vessels and osteocytes were preserved at a lower PRR (Figure 1b,c)

. The interrelationship between scanning speed, PRR and wavelength choice therefore requires thorough investigation

for an optimized laser ablation performance without collateral thermal damages on bone tissues. Similarly, Gill et al.

studied temperature distributions of dried bovine bone irradiated also by a Tangerine laser (Amplitude, 320 fs, 1030 nm)

using different PRRs . It was found that carbonization occurred at high enough PRRs where thermal dissipation was

exceeded by accumulation causing irreversible tissue damage, and therefore the importance of rigorous laser parameter

[15]

2

[7]

[15]

[12] 3

[23]

[26]

[16]

[29]

[5]

[32]

[33][34][35][36]

[19][23][26] [8][37]

[38][39][40]

[15]

[39]

[10]

[10]

[40]



selection was again emphasized in order to minimize thermal effects while maximizing ablation rates. Furthermore, the

pattern of scanning path can also influence heat accumulation and thus reduce the ablation rate. Circular scanning motion

was found to generate significant thermal damage (charring) as compared to scanning in line paths because of poor heat

dissipation . Additionally, with large-size and deep holes, ultrafast laser can still produce slight charring around the edge.

Figure 1. Bone tissues after ultrafast laser ablation under SEM imaging in the visible regime showing (a) laser-induced

thermal damages (spherical structures indicated by the white circle) at a higher PRR (515 nm, 1000 kHz, 4000 mm/s, 6.27

W), while (b) shows native bone structures such as Volkmann channels and lacunae at a lower PRR (515 nm, 250 kHz,

4000 mm/s, 6.27 W), as well as the Harversian channels shown in (c) after ablation in the IR regime (1030 nm, 250 kHz,

1000 mm/s, 6.27 W).

3. Surface Morphology

Surface morphology is usually assessed using scanning electron microscopy (SEM), confocal microscopy, X-ray

computed microtomography (µCT) and histology to evaluate thermal effects on the tissue . By visually examining

the condition of craters or holes on bone tissue after laser ablation on the microscopic level, physical features such as

charring, roughness and micro-cracks can be identified to determine and compare the degree of laser-induced damage.

As previously mentioned, a picosecond or femtosecond pulsed laser system generates little to no thermal effect during

bone ablation compared to longer pulse or mechanical tools . Several authors have described, under SEM or

histological observations, that the bottom and side walls of the laser-ablated cavity are smooth and homogeneous with a

well-defined geometry . No significant signs of charring, melting or major debris accumulation were found 

. Figure 2, shows an image comparison of ultrafast laser ablation under different cooling conditions, namely no cooling

(a, a , a ), gas (b, b , b ) or water (c, c , c ) cooling, using white light imaging, SEM and histology, respectively, which

demonstrated great uniformity and precise cutting with, overall, no observation of cracks, especially for cooling-assisted

drillings. Some microcracks were, however, observed in the inner wall without cooling, which could potentially delay bone

healing .
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Figure 2. Morphology of laser-drilled bone tissues under different environmental cooling conditions. Vertical panels (a–c)

correspond to without cooling, gas cooling and water cooling; horizontal panels (subscript: none, 1, 2) correspond to white

light, SEM and histology images.
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