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The application of ultra-short pulse lasers (USPLs) to biological hard tissue and com-
patible materials (like for dental restoration) in order to process cavities and more compli-
cated structures is not yet a routine technique which can soon be implemented into practice. 
Its advantages, however, cover the feasibility of avoidance of collateral damage (i.e. thermal 
and shock wave), the creation of geometrically fully versatile and precise structures, and the 
option of spectroscopic feedback. In this paper, new data are presented concerning ablation 
rates and ablation thresholds of human and bovine dental hard tissue, dental composites and 
bone, i.e. compacta, spongiosa and cartilage, being ablated by various scanned USPLs with 
different pulse durations. The data give evidence that even ps pulses yield very useful results, 
and selective ablation may be beneficial for practical application. The morphology of the 
cavities yielded by different scanning techniques is analyzed via environmental scanning 
electron microscopy. 

Keywords: scanning of ultra-short laser pulses, dental cavity preparation, conservative den-
tistry, hard tissue processing, bone ablation, preparation quality, laser-induced break-down 
spectroscopy 

1. Introduction 
Ultra-short laser pulses (USLP) have been in the focus of 

interest for medical applications comprising diagnosis and 
tissue processing since more than 15 years. Many publica-
tions covered the mechanism of plasma-mediated ablation in 
general [e.g. 1-7], and the ablation of biological soft and hard 
tissues [e.g. 8-13] as well as the effects on the remaining 
structures [e.g. 14, 16]. Almost from the very beginning, 
special interest during these investigations was directed to-
wards oral applications of ultra-short laser pulses, i.e. den-
tistry related applications [e.g. 8-11, 13-21]. This can be 
easily understood due to anatomic specialties like the shape 
of the tooth, for example, only allowing rather limited blood 
circulation, which accordingly does not allow efficient re-
moval of externally applied heat. Hence it seems to be abso-
lutely mandatory to process such tissue with only negligible 
heat and shock wave impact in order to also maintain the 
long-time vitality of a tooth [e.g. 10, 22, 23]. With conven-
tional tools like mechanical dental drills or conventional 
dental laser systems (Er-based lasers), these requirements can 
be met only with strong efforts like e.g. intensive cooling by 
a water spray. However, the induction of micro-cracks in the 

tooth remains a rather unsolved problem (compare e.g. [17, 
19, 24-27). Hence, from the beginning on the application of 
ultra-short laser pulses in dental hard tissue preparation was a 
very promising although rather complex approach. Some of 
the basic demands for successful hard tissue ablation by 
USLP, like spatial scanning of the beam, were very soon 
recognized and strictly demanded [e.g. 10, 19, 28]. 

After such insights, research throughout the last years 
moved towards the development of practically applicable 
systems [e.g. 16, 29, 30]. Even related findings like the abla-
tion data of dental restorative materials or calcified plaque 
were reported for the first time. Corresponding publications 
e.g. can be found in [31, 32]. Also the preparation of bone 
and cartilage was resumed again, in oral treatments particu-
larly under the aspect of keeping the processed surfaces bio-
logically active for better tissue attachment to different im-
plants [e.g. 33-36].  

Beside the application of USLP, also development of 
commercial medical laser systems moved on towards more 
efficient systems for a broad variety of applications. By put-
ting special attention on pulse durations, pulse energies and 
intensity distributions within the beam, the risks for hard 

30 



JLMN-Journal of Laser Micro/Nanoengineering Vol. 3, No. 1, 2008 

 
The shape and tissues contained in a tooth can be assume-

ed to be well-known. The bone compacta and spongiosa tis-
sues are depicted for the example of human femur in 

tissue treatment could be reduced [e.g. 34, 35] and thus the 
quality of prepared dentine cavities or cuts in bone increased. 
For these systems, however, the induced shockwaves and the 
need for cooling may still imply some limitation. Generally, 
the enormous costs far beyond 200 000 $ impose severe limi-
tations for broad commercial development and applications. 

Fig. 1. 

 
2. Materials and Methods 
2.1 Laser systems 

Yb:Glass laser 
Model IC1040-300 fs YB REG AMP (High Q Lasers), 

employed together with an x-y-scanner. Specifications: wave-
length λ = 1040 nm, pulse duration τp = 330 fs, pulse repeti-
tion rate PRR = 0−10 kHz. Nevertheless, operation just at 1 
kHz, thereby yielding the maximum average pulse energy 
E  = 130 µJ; average power Pmax ave = 500 mW. 

Ti:Sapphire laser  
The Hurricane-i laser (Spectra-Physics) offers adjustable 

pulse duration τp = 130 fs − 7 ps. Specifications : λ ≈ 800 nm, 
Ep @ 1kHz ≥ 1 mJ, PRR = 0−10 kHz, but only 1 kHz used.  
Table 1: Measured beam parameters Fig. 1: Section through dried femur showing its internal architecture. 

Spongiosa with its trabecular meshwork can be distinguished from 
compact bone tissue. Pieces of bone like indicated have been used 
for the experiments. 

of the Hurricane-i laser 

 2ω0 [µm] θ [rad] ℓR [µm] M2

τ = 140 fs 67 0.025 1323 1.8 
τ = 7 ps 70 0.026 1299 1.9 Table 2: List of composites 

(2ω0 beam waist, θ beam divergence, ℓR Rayleigh length, M2 beam 
quality factor) Manufacturer Product 

Nd:Vanadate Lasers:  Kerr Hawe Point 4 
 Premise Enamel Two USP Nd:Vanadate lasers ( High Q Lasers) have been 

used. They belong to the so called “pico-REGEN Premise Body TM series”, 
all-in-one picosecond regenerative amplifier systems. Both of 
these diode-pumped solid-state lasers have τ

 XRV Herculite Dentine 
 XRV Herculite Enamel 

p = 12 ps @ λ = 
1064 nm, emitted with high temporal and spatial stability in a 
TEM

Ivoclar Vivadent Heliomar 
 Compolgass F 

00 mode (beam quality M² ≤ 1.2). Differences between 
the two systems are with respect to P

 Tetric Flow 
ave = 1.5 W (IC-1500 

REG AMP) vs. 10 W (IC-10000 REG AMP Microprocessing), 
PPR 0−5 vs. 0−100 kHz, E

 Tetric Ceram 
3M ESPE Z100 

 p =300 µJ @ 5 kHz vs. 500 µJ @ 
10 kHz, 200 µJ @ 50 kHz, and 80 µJ @ 100 kHz, respec-
tively. 

Table 3: Specific densities and compositions of human and bovine 
spongiosa and compacta [38] 

 
Water 
fract. 

Spec. 
dens. 

Miner. 
fract. 

Organ. 
fract. 

Anorg. 
fract. 

2.2 Samples  Bone 
tiss. Orig.The samples comprised different dental hard tissues (hu-

man and bovine enamel and dentine), composite materials 
commonly used in dentistry (see Table 2) as well as bovine 
bone and cartilage tissue. The composites were prepared in 
form of cubes of 0.5 cm lateral width which were hardened 
by a light curing lamp. Dental and bone tissue has been cut 
into pieces of approximately 1×1×0.5 cm³. All the samples 
except bovine spongiosa and cartilage have been ground to 
smoothen the surface. Grinding of spongiosa and cartilage 
would have destroyed the natural morphology of the tissue. 
All the biological samples have been stored in water until the 
ablation. 

[gcm-³] [vol%] [vol%] [vol%] [vol%]
Hum. 1.92 27.0 33.9 34.9 4.2 Spon-

giosa Bov. 1.93 28.1 33.5 34.2 4.2 
Hum. 1.99 23.9 37.7 33.8 4.6 Comp-

acta Bov. 2.00 25.2 36.6 33.6 4.6 
 

2.3 Evaluation 
The USPL-treated samples were analyzed via digital light 

microscopy (Zeiss) as well as environmental scanning elec-
tron microscope (ESEM, see e.g. Fig. 3) in order to evaluate 
the ablation thresholds. Out of the micrographs, the diameters 
of the ablated shapes have been derived. To determine the 
threshold fluence of the materials, the diameters versus ener-
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After the experiments, the topography of the cavities was 

recorded and evaluated by modern digital light microscopy 
with implemented 3D reconstruction software (Infinite Focus 
Alicona Imaging, Grambach, Austria). 

gies have been entered into an ln-plot. Regression tools and 
extrapolation allowed calculating the ablation threshold ac-
cording to the following formalism: 

2
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suming that a defined material dependent ablation threshold 
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Fig. 3: ESEM micrograph of fresh human spongiosa. During storage 
the hard bone structure does not change, just fatty tissue and blood 
vessels dissolve. ,    (3) 

wherein αeff is the effective absorption coefficient. Fig. 2 
demonstrates all these correlations (see [  39] for all details). 

3. Results  

Fluence [J/cm²] In general, within the limited space of this paper, just a 
selection of unpublished novel results yielded by USPL ex-
periments are presented. Comparison is made with other 
results being published in [31, 32] or in the thesis [39]. 

 
3.1 Ablation rates of dental restoration material 

Ablation rates (etch depth per pulse ) were determined us-
ing either the 330 fs Yb:Glass laser or the Hurrican-i Ti: Sap-
phire laser with variable pulse duration. In this paper, 2 
groups of results are shown: measurements on various com-
posites carried out with the Yb:Glass versus fluence ( Fig. 4) 
and similar measurements involving the Ti:Sapphire laser 
which in our setup allowed to choose between 4 different 
pulse durations (150 fs, 500 fs, 2 ps, 7 ps; 

Fig. 2: Ablation with a Gaussian beam profile demonstrating the 
dependence of the damage radius rth on the threshold fluence Φth. 
D is the diameter of the ablated cavity, d is the etch depth. (Figure 
taken from Bonse [

Fig. 5). Thereby, 
line scans were conducted. The depths of the generated 
grooves were measured by means of digital light microscopy 
with implemented software. The primary motivation for these 
experiments is to allow an assessment of the removal capac-
ity for dental restoration material in general, and in compari-
son with dental tissue in more detail (for which approxi-
mately ten times smaller ablation rates have been determined 
[

37].) 

 
2.4 Scanners 

For the experiments requiring larger cavity sizes in order 
to demonstrate the morphology, two different scanners have 
been employed: a commercial x/y-scanner being best suited 
for the creation of rectangularly shaped as well as linear pat-
terns, and a novel device following the geometry of r/φ coor-
dinates. Thus, circularly shaped patterns easily could be 
achieved. In this r/φ-scanner (prototype developed by LINOS 
Photonics, Munich) used here, a conventional galvo-mirror 
deflecting the beam in radial direction and a fast picture rotat-
ing prism adding the φ-coordinate were implemented. By 
applying different motion functions and frequencies to the 
inclined mirror and specific rotation frequencies to the prism, 
various scanning patterns could be generated. In this way, 
cavities of conventional typical mm-size could be achieved. 

39]) yielding quantitative data towards selective ablation as 
is also shown morphologically further down. Of course, lin-
ear fits would generate explicit values of threshold fluxes. It 
is, however, not aimed to enlist them here because of earlier 
publication [31]. Also αeff could be derived easily if needed. 

Concluding on the ablation rate measurements, it was 
shown that material removal by USPL can be very effective 
when certain laser parameters are applied and that ablation 
speeds comparable to Erbium systems can be achieved [39]. 
Moreover, the small ablation rates per pulse compared to 
Erbium systems ensure precise preparations without any 
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collateral damages. For minimal invasive dental treatments 
these properties are not enough. The potential of selective 
tissue processing is decisive, which is demonstrated below.  

Fig. 8 represents a circular USLP-generated cavity by the 
r/φ-scanner on the dentine-Tetric Ceram border. To generate  
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Fig. 4: Correlation between etch depth per pulse and laser fluence of 
the 330 fs Yb:Glass laser for dental restoration materials. Data are 
plotted in a semi-logarithmic plot to show the linear dependence.  

Fig. 6: Magnification of the cavity rim of a mechanically drilled 
cavity. The produced smear layer covers the dental tubuli. 
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Fig. 7: Magnification of the rim of the cavity depicted above. After 
etching the dental tubuli are opened. 

Fig. 5: Etch depth per pulse in Premise Enamel for rising pulse dur-
ations as an example, measured with the Ti:Sapphire laser.  

this cavity, laser treatment was performed for 2 minutes. The 
large cracks spreading over the whole cavity in 

 
Fig. 8a) are 

again due to dehydration during ESEM analysis. Concerning 
selectivity, the performance of the USPL is very impressive 
as a clear distinction between dentine and composite ablation 
sites can be made. In unison with the results of ablation rate 
measurements composite was removed on a much larger 
scale than dental tissue. Until now, selectivity was only 
judged on basis of SE micrographs. 

3.2 Morphology of dental cavities 
As dental drills are commonly used for cavity prepara-

tions, a micrograph of the remaining tissue morphology is 
provided in Fig. 6 and Fig. 7. The crack in Fig. 6 (right upper 
corner) arose from dehydration during ESEM investigation. 
Although the morphology of drilled cavities is often referred 
to as very smooth, the pictures below give another impression. 
Obviously, several steps in the cavity wall inclinations were 
unavoidable due to the shape of the drill. The surface is 
branded by the rotation of the drill visible as stripe-like traces. 
As expected the whole cavity is covered by a smear layer. 
Therefore, and this is well-known, an etchant has to be ap-
plied to open the tubuli and make them permeable for the 
primer to form tags for retention. 

As an additional tool, Infinite Focus light microscope 
analysis software was involved to provide another aspect of 
selective USPL ablation of composite and dentine. A three 
dimensional reconstruction of the generated cavity was ob-
tained to give insight into the precipice created by composite 
ablation. This 3D cavity model is depicted in Fig. 8b).  Fig. 7 depicts the magnifi-

cation of a cavity rim after etching with opened tubuli.  
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The perfect micro-morphology of a small area inside a 

scanned cavity in dentine is to be seen in 
 

Fig. 9. The dentine 
tubuli are open without application of an etchant, and no 
traces of overheating leading to melting and re-solidification 
are observable.  

 

 a)

b)

 a) 

 
 
 

D 

C 

C 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 D
 
 
 
 
 
Fig. 8: a) ESEM of circularly scanned ablation crater obtained at the 
border between dentine (D) and composite (C) yielded by the 12 ps 
IC-1500 REG AMP Nd:Vanadate laser. b) 3D reconstruction of the 
same cavity by means of digital light microscopy using IFM.  

 

 
Fig. 9: ESEM of USPL-processed dentine revealing a perfectly 
maintained micro-structure with open tubuli and no trace of melting 
an re-solidification (12 ps Vanadate laser, Ep = 100 µJ) without any 
application of an etchant. 

 
3.3 Ablation rates of bone tissues 

Ablation rate measurements on compacta, spongiosa and 
cartilage tissues were carried out with pulse durations of 
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150 fs, 500 fs, 2 ps and 7 ps involving the Hurricae-i 
Ti:Sapphire laser, and with 330 fs generated by the Yb:Glass 
laser. A range of pulse energies Ep = 40 µJ − 240 µJ was cov- 
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Fig. 10: Comparison of 150 fs – 7 ps Ti:Sapphire and 330 fs Yb: 
Glass laser ablation rates obtained in compacta, spongiosa and 
cartilage. 

 
ered and line scans were conducted. Again, the ablation rates, 
defined as etch depth per pulse, were calculated after deter-
mining the cavity depths and considering the equivalent pulse 
number. Fig. 10 shows the complete series of results. 

For every applied laser setting the etch depths per pulse 
for cartilage are the highest. 150 fs ablation revealed lower 
ablation rates for spongiosa compared to compacta, whereas 
spongiosa and compacta ablation rates are nearly the same 
for ps laser ablation. This finding is contrary to the one of 
Yb:Glass laser. Certainly, the reason therefore can be found 

in the native structure of spongiosa itself. As bone structure 
fits each individual’s needs, differences can appear in the 
used samples. For some samples the bridge-like trabecula 
structure can be denser than for others, which means that the 
intra-trabecular space is smaller. A laser beam hitting the 
surface of denser spongy tissue removes material more effi-
cient than the same laser beam impacting onto a coarser re-
gion. In the second case, there is no guarantee that each laser 
pulse strikes a trabeculum. Instead of that, the pulse may 
come down into the intra-trabecular space leaving the sur-
rounding hard bone tissue untouched resulting in lower ab-
lated depths. The obtained etch depths of spongiosa can 
therefore just serve as guidelines.  

Alterations of the etch depths per pulse for varied pulse 
within 7 %. Further elongation of the pulse width induces a 
down scaling of 27 % and 17 %, respectively. Fig. 10 illus-
trates these facts. 

The comparison of Yb:Glass and Ti:Sapphire laser abla-
tion rates is still missing. Therefore, etch depths per pulse for 
all pulse durations of the Ti:Sapphire system as well as for 
330 fs Yb:Glass laser ablation have been inserted into one 
plot for each bone material. Fig. 10 also demonstrates that 
spongiosa ablation rates of both systems cover almost the 
same range. Etch depths in compacta achieved by the 330 fs 
Yb:Glass laser integrate into the ps ablation rates of 
Ti:Sapphire. Just cartilage does not fit into the data range 
obtained by any Ti:Sapphire setting, but lacks behind. 

 
3.4 Morphology of scanned cavities in bone tissues 

The 330 fs Yb:Glass laser and the Ti:Sapphire laser with 
pulse durations of 700 fs and 7 ps were used for these studies. 
To prepare larger areas, the x-y-scanner was employed. Two 
scan patterns were programmed: A rectangular scan and an 
Archimedic spiral. The scan patterns were adjusted to the 
focal spot diameter and the PRR of the laser system, which 
means that the scan velocity and the distance between two 
traces of the scan pattern were chosen in order to yield a 
convenient overlap of subsequent laser pulses. When the 
overlap is too high accumulation effects influence the surface 
quality. The ablated cavities were investigated via ESEM. 

When scanning the USPL beam according to an Ar-
chimedic spiral accumulation effects can be kept under con-
trol without the additional use of a shutter. The only issue is 
to select proper laser parameters. Fig. 11 comprises 700 fs Ti: 
Sapphire laser ablation of compacta with 0.65 J/cm² showing 
two different magnifications. The resulting cavity features 
including well-defined geometry, smooth cavity rims, the 
absence of debris and carbonisation are very appreciable. The 
natural structure of compacta was not affected either by the 
ablation. Cavity inclinations are clean and free of melting.  

Fig. 12 alternatively (with respect to the laser system and 
to the scanning algorithm) shows rectangular scans of 330 fs 
Yb:Glass laser ablation of bovine spongiosa. It was ablated 
with 1.9 J/cm², which is more than twice the threshold value 
[39]. The overall view shows precise cavity geometry with 
defined and smooth edges. The natural structure of spongiosa 
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remained untouched without any carbonisation. Although no 
air-water-spray was used, no debris is evident. The magnifi-
cation in Fig. 12b) captures the cut border of a trabeculum 
taken from the cavity edge. Compared to the cut borders 
generated by the mechanical drill or the Erbium system, the 
one presented here is very smooth. No micro-cracks or melt-
ing was introduced to the surrounding bone tissue. Looking at 
the edges of the rectangular cavity, melting caused by accu-
mulation effects is visible. When the laser beam reaches the 
borders of the scan pattern it has to be shifted along a 90° line. 
After another 90° shift it moves its way back. Due to this turn 
an excessive number of laser pulses impacts onto the same 
tissue area. This effect is even more pronounced at the cor-
ners of the cavity. Nevertheless, by the implementation of a 
shutter this problem can easily be eliminated. Leaving the 
melting out of account, this is an excellent example of the 
non-destructive ablation procedure be USLPs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11: Bovine compacta ablated by Ti:Sapphire laser pulses 
scanned according to an Archimedic spiral. Parameters: τp = 700 fs, 
PRR = 1 kHz, 20 roundtrips, Φ = 0.65 J/cm²; a) Overall view,  
b) magnification of the rim. 

 
Although scanned USPL ablation of spongiosa has al-

ready been presented for the Yb:Glass system, pictures are 
also provided for the Ti:Sapphire ablation of the same tissue. 

As spongy tissue involved in the latter studies was strongly 
larded with fat, the appearance of the cavities after ablation is 
somewhat different. As evident in Fig. 13, bone got ablated 
properly, but a bubbled fat layer covers the whole cavity.  
 
 a) 

b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
  a)

b) 

a) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12: Rectangular scan in bovine spongiosa ablated by the 330 fs 
Yb:Glass laser with Φ = 1.9 J/cm² and PRR = 1 kHz. a) Overall 
view of the cavity. b) Magnification of an edge of the cavity. 

 
Anyhow, for the following healing process of bone no 

negative influences of this affected fat layer are expected. In 
praxis, cutting of cartilage might be more relevant than drill-
ing circles as they are shown in Fig. 14. In both cases, the 
morphological features of the cut borders are expected to be 
of same satisfactory quality as reported here. 

 
3.5 Laser-induced breakdown spectroscopy 

For minimum invasive and selective treatment of different 
types of tissue a feedback system has to be established to 
reliably allow distinguishing between them. Laser-induced 
breakdown spectroscopy (LIBS) or sometimes referred to as 
laser-induced plasma spectroscopy (LIPS) as a non-contact 
in-situ method for elemental chemical analysis of the compo-
sition of substances, no matter if solid, liquid or gaseous, is 
therefore best suited. 

When focusing a short high intensity laser pulse onto the 
surface of the sample of interest, free electrons are generated. 
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Subsequently, plasma is formed near the surface of the target 
by avalanche ionisation. This process is called optical break-
down. When the high density plasma expands into the ambi-
ent atmosphere the hot and radiating plasma plume cools 
down. The optical plasma emission is composed of transition  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13: Bovine spongiosa ablated by the Ti:Sapphire laser with 
additional circular scanning. Parameters: τp = 700 fs, Φ = 0.65 
J/cm², PRR = 1 kHz, 20 roundtrips; a) Overall view of the cavity. 
b) Magnification of the cavity rim. The bubbles indicate fatty tissue. 

 
lines of the material’s constituents. By detecting these lines 
via a grating spectrometer information about the qualitative 
and quantitative composition of the target can be gained.  
LIBS, which is applicable in a wide range of fields like mate-
rial processing, space applications and also diagnostics, can 
be performed with ns, ps, and fs pulses. The latter are espe-
cially advantageous for analysis of biological samples with 
high spatial resolution [40]. Optical emission spectroscopy is 
just based on intrinsic light emission of the laser induced 
plasma. Therefore no other excitation source is needed. As a 
consequence, the experimental setup is quite simple and 
adaptable to automation and remote sensing. By that, even 
the temporal and spatial evolution of the plasma can be re-
produced [41]. Performing LIBS nearly no sample prepara-
tion is necessary as laser ablation yields a fresh surface after 
each laser pulse. Spongiosa, compacta and cartilage, the 

targets of interest, were just cut to guarantee an even surface. 
The Hurricane-i Ti:Sapphire laser operated at a low PRR = 20 
Hz was used for this studies. The plasma spark induced on 
the tissue surface was captured by a high resolution spec-
trometer, into which the light emitted from the plasma was 
coupled. This spectrometer contained a fiber combined with a 
time-resolved spectrally selective detector arrangement. All 
these units were computer controlled to ensure correct timing. 
The experimental setup is shown in 

a) 

b) 

Fig. 15. 
 
 

a)  
 
 
 
 
 
 
 
 
 
 
 
 
 

b)  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14: Bovine cartilage ablated by the Ti:Sapphire laser following 
the traces of an Archimedic spiral. Parameters: τp = 700 fs, Φ = 0.65 
J/cm², PRR = 1 kHz, 20 roundtrips; a) overall view, b) magnifica-
tion of the crater rim. 

Wavelength regions around λ = 422 ± 18 nm and λ = 526 
± 18 nm were investigated. Measurements were performed 
on three different spots on the tissue surface from where five 
spectra were taken. They were then averaged to eliminate 
inconsistencies. Peaks arising from the spectral continuum, 
which correspond to a transition from an upper to a lower 
excited level, were identified to be mainly Ca lines using the 
atomic spectra database of the National Institute of Standards 
and Technology [42]. 

As examples of the LIBS spectra acquired in this way for 
all types bone samples, spectra of λ = 422 nm are depicted in 
Fig. 16. The plots are normalized to their highest peak which 
can be ascribed to Ca. The height of the remaining peaks in 
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 these plots gives their relative intensity in comparison to 

these Ca transition lines.   
 Besides a somewhat different appearance especially in the 

lower spectral range around 422 nm, cartilage can easily be 
distinguished from spongiosa and compacta by its generally 
lower ratios. Although the comparison between spongiosa 
and compacta affords a closer look, a distinction between 
those materials is also possible without a doubt. The ratios of 
the Ca peaks of 430.25 nm and 431.87 nm are ~18 % higher 
for compacta compared to spongiosa.  

 

Fig. 16: LIBS spectra of spongiosa, compacta and cartilage depict-
ing Ca peaks in the wavelength region of 422 ± 18 nm. 

4 Summary and Outlook 
The main results of this research work are summed up in 

the following (comparisons refer to data presented in detail in 
[39], which could not be shown in this concise paper):  According to the results, plasma spectroscopy could be a 

valuable source to distinguish between different bone materi-
als. A loop control system could be developed to automati-
cally interrupt laser ablation when LIBS signalizes that bio-
logical tissue, that actually should be spared, was touched. A 
feedback system based on LIBS therefore could enhance 
selective and finally minimum invasive USPL treatment.  

• Etch depths per pulse achieved by USPL in dental hard 
tissue and composites are in the µm-region and hence 
much lower than Erbium laser ablation rates. USPL abla-
tion can be enhanced by applying very high PRR > 10kHz. 
Ablation rates per second then become comparable to Er-
bium rates. 

 • Selective ablation is very pronounced for USPL as dentine 
revealed lower ablation rates than composites, being bene-
ficial for minimum invasive secondary caries treatment.  
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• USPL thresholds of composites determined in this study 
are lower than those of tooth structures. Again, this fact 
contributes to selective ablation. With rising pulse duration 
thresholds increase and ablation rates decline at constant 
fluence.  

• Scanned USPL ablation can provide a fine micro-retentive 
pattern. Although its appearance is distinct from an etched 
surface this regular structure bears the potential for good 
compound to dental filling material without additional 
etching.  

Fig. 15: Experimental setup for LIBS. 
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Compacta  • Like for tooth and composites, ablation rates per pulse 
achieved with Erbium lasers in bone material are generally 
higher than USPL ablation rates in the same tissue. Vol-
umes in the order of 10

 
 
 -3−10-2 mm³ per pulse can be exca-

vated with Erbium lasers requiring fluences of tens of 
J/cm² while USPL are capable of just removing volumes in 
the order of 10

 
 
 -7 mm³ per pulse while applying about 2 

J/cm² [ 39]. Consequently, for preparations within a reason-
able duration high pulse repetition rates have to be used.  

 • Cartilage, the softest tissue, reveals the highest ablation 
rates, followed by compacta, the densest bone tissue. 
Spongiosa occupies the last position. This is a result of its 
native structure where laser pulses may hit an intra-
trabecular space and hence fail to contribute to ablation. 

 
 
 
 
 • The tissue morphology after preparation with a mechanical 

drill is characterised by torn out tissue particles and a 
smeared surface. USPL ablation of bone material was con-
ducted with an x-y-scanner. In general, the native tissue 
structure was preserved. Although the gentle tissue re-
moval procedure was demonstrated in spongiosa with 330 
fs Yb:Glass laser at Φ = 1.9 J/cm² by performing rectangu-
lar scans, overheating and therefore melting can occur at 
the corners of rectangles. The beam of the Ti:Sapphire la-
ser was scanned according to an spiral. For τ
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p = 7 ps, PRR 
= 1 kHz, and Φ = 1 J/cm² acceptable results were achieved  

 

38 
4 1 0 4 2 0 4 3 0 4 4 0

W a v e le n g th  [ n m ]



JLMN-Journal of Laser Micro/Nanoengineering Vol. 3, No. 1, 2008 

 
[39]. For τp = 700 fs, PRR = 1 kHz, Φ = 1 J/cm² slight 
melting was evident. An improved match of scan and laser 
parameters is therefore inevitable. No morphological dif-
ferences as well as no changes in the native structure could 
be detected for τp = 700 fs, Φ = 0.65 J/cm², and τp = 7 ps, 
Φ = 1 J/cm² ablation of cartilage at PRR = 1 kHz. 

• During USPL ablation laser-induced plasma spectroscopy 
was performed. The relative intensities and widths of the 
identified Ca peaks potentially will allow differing between 
spongiosa, compacta and cartilage.  

Considering all these aspects, superior ablation perform-
ance can be attributed to USPL systems in comparison to 
Erbium laser allowing positive expectations to future devel-
opments. A USPL system for surgical applications, e.g. im-
plant surgery and orthopaedics, could be developed. A feed-
back system based on plasma spectroscopy to distinguish 
between different tissue types should be integrated. Further-
more, the scanner has to be miniaturized and incorporated 
into a handpiece to be operated by the surgeon. Such a USPL 
system can bring several advantages for the doctor as well as 
the patient, such as flexible, secure and gentle preparations, 
pain-free tooth treatment or, in case of bone, better healing 
conditions. Beside all such advantages, the prices for laser 
sources having the required specifications are still too high to 
allow the industrial development of a dental USP device for a 
broad market application at the moment. However, as USLP 
are in the state of entering broad-based industrial nowadays, 
the prices for adequate laser systems can be expected to go 
down within the next few years, thus giving new, positive 
perspectives to that problem. 
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