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Abstract. We investigated fabrication of cylindrical micropillars on
bovine cortical bone using direct-write femtosecond laser ablation.
The ablation threshold of the material was measured by single-pulse
ablation tests, and the incubation coefficient was measured from lin-
ear scanned ablation tests. A motion system was programmed to apply
multiple layers of concentric rings of pulses to machine pillars of vari-
ous diameters and heights. The diameter of the top surface of the pillar
was found to steadily decrease due to incubation of damage from
successive layers of pulses during the machining process. Pillar top
diameter was predicted based on a paraxial beam fluence approxima-
tion and single-pulse ablation threshold and incubation coefficient
measurements. Pillar diameters predicted as successive layers of
pulses were applied were well-matched to experiments, confirming
that femtosecond laser ablation of the cortical bone was well-
modeled by single-pulse ablation threshold measurements and an in-
cubation coefficient. © 2009 Society of Photo-Optical Instrumentation Engineers.
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Introduction

echanical tools such as hand drills and cutting saws have
ong been used to cut or drill hard tissues for laboratory analy-
is and for surgical operations, although the use of these tools
as significant drawbacks such as high material loss, poor
urface evenness, potential fragment contamination, and sig-
ificant tissue vibration.1 Focused ion beam �FIB� milling has
een used for preparation of hard biological tissue specimens
or mechanical testing and imaging,2 although the samples
ust be dehydrated to maintain a high-quality vacuum and
echanical properties may be altered as a result. Laser abla-

ion is an attractive method to overcome the shortcomings of

ddress all correspondence to: Dave Farson, The Ohio State University, Labo-
atory for Multiscale Processing and Characterization, 1248 Arthur E. Adams
rive, Columbus, Ohio 43210. Tel: 614-688-4046; Fax: 614-292-7852; E-mail:
-mail: farson.4@osu.edu
ournal of Biomedical Optics 064021-
mechanical cutting tools and FIB milling. It is used in bio-
medical applications because it provides noncontact and pre-
cise removal of a variety of sensitive soft and hard tissue in a
nonvacuum environment. In this work, we studied machining
of bovine bone with a femtosecond pulsed laser.

Many different types of lasers with different wavelengths
and pulsed output characteristics have been used to machine
hard and soft tissues, and the mechanisms and characteristics
for tissue removal have been described in previous reports.
Vogel and Venugopalan have presented an extensive review of
the fundamental mechanisms of pulsed laser ablation of bio-
logical tissues.3 Ultrashort pulsed laser ablation of biological
tissues and organs was modeled as a plasma-mediated pro-
cess, and the thermal, mechanical, and chemical effects are
summarized. As shown in this work and other investigations

1083-3668/2009/14�6�/064021/10/$25.00 © 2009 SPIE
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e.g., Ref. 4�, the depth of the thermally damaged zone on the
emaining surface generally increases with pulse duration. Ul-
rashort pulsed laser ablation using an has been recently used
or soft5–8 and hard9–13 tissue ablation. In addition to minimiz-
ng the thermal damage of the surrounding tissues, other ad-
antages of the ultrashort laser for tissue ablation include ef-
ciency �small laser energy input per ablated volume of

issue�, minimal depth of stress wave propagation due to the
hort duration of the pressure impulse, and ability to texture a
urface with precise spatial control.10 Effects of femtosecond
aser irradiation on osseous tissues were studied by Girard et
l.14 Following laser ablation, they immediately stained alka-
ine phosphatase, a membrane-bound protein present on the
urface of osteoblasts as a marker of heat deposition. Micros-
opy revealed alkaline phosphatase activity in the cells bor-
ering the edge of the cut, confirming that damage during
blation was limited.

Since linear scanned ablation is required for cutting and
exturing of surfaces, the results of investigators who have
tudied the effect of damage accumulation in nonbiological
aterials due to repeated exposure to subablation energy that

s inherent in scanned ablation is relevant. Mannion et al.15

tudied the effect of damage accumulation behavior using ul-
rashort laser pulse irradiation of common metals in air. Fur-
hermore, Gomez and Goenaga16 studied prediction of micro-
hannel widths and depths ablated by focused femtosecond
aser beam for polycarbonate �PC� and poly�methyl methacry-
ate� �PMMA�. Choi et al.17 used incubation analysis similar
o that described in this article for analysis of scanned ablation
f thin films of conducting oxide. In all cases, ablation width
nd depth predictions based on analysis of change in material
blation threshold due to damage accumulation showed good
orrelation to experimental measurements.

The structure of bone is hierarchical in nature, and the
ineralized tissue that comprises bone has an anisotropy as-

ociated with it. The mechanical behavior of bone is governed
y this structure.18 Previous studies of other engineering
aterials—for example, composites—have shown that micro-

cale mechanical testing enables the prediction of macro-
copic mechanical behavior.19 Microscale mechanical testing
f bone will be used in future research to delineate the micro-
tructural components of bone in an effort to model the ag-
regate material. Bovine cortical bone micromechanical test
pecimens �micropillars� will be used in compression testing
n an attempt to determine the mechanical behavior of the
undamental components of bone.

The structures of interest in this research are micropillars
or microscale mechanical testing. Our literature review
hows that more research is needed to support the precise
reation of three-dimensional �3-D� microscale features on
one surfaces by femtosecond �FS� laser ablation. Precise fab-
ication of such microscale features requires prediction of ab-
ation dimensions based on material ablation properties and
ffects of damage accumulation. One objective of this work
as the experimental measurement of these properties for bo-
ine cortical bone from single-pulse ablation and linear
canned ablation experiments. Another objective was to for-
ulate a method for calculating the diameter of ablated mi-

ropillars and to test its accuracy. We also note that micropil-
ars machined during this phase of the work demonstrated the
ournal of Biomedical Optics 064021-
capability of FS laser ablation to create this type of structure
in bovine cortical bone.

2 Materials and Methods
2.1 Preparation of Bovine Cortical Bone Sample
Bone specimens were obtained from the cortical regions of
bovine femoral bone. The specimens were sectioned using a
diamond saw with water as a lubricant and were wet ground
to produce flat parallel surfaces using a successive series of
600-, 800-, and 1200-grit SiC paper so that surface scattering
from inhomogeneous tissue could be minimized. The flat and
parallel specimens were attached to a glass slide with double-
sided tape for femtosecond laser ablation.

2.2 Direct-Write Femtosecond Laser Ablation
Frequency doubled pulses from a mode-locked erbium-doped
fiber laser intensified in a Ti:Al2O3 regenerative amplifier
laser �CPA2161, Clark-MXR� were used. The maximum out-
put power of the laser was Pav=2.5 W, the pulse duration
was Tp=150 fs, the pulse repetition frequency was fP
=3 kHz, the wavelength � was 775 nm, and the beam diam-
eter was 5 mm. Laser beam power was adjusted by a series of
optics, including thin-film polarizing beamsplitters and half-
wave plates. The attenuated laser beam was delivered by a
beam mirror train through a mechanical shutter and then fo-
cused on the material. A 50� infinity corrected microscope
objective lens with numerical aperture �NA�=0.42 �M Plan
Apo NIR 50�, Mitutoyo� was used for focusing the femto-
second laser beam. Attenuated laser power was measured by a
power meter �PM100, Thorlab� placed after the laser focusing
lens. The beam quality was M2=1.2 in the horizontal y direc-
tion and M2=1.3 in the horizontal x direction. A computer
controlled motion system �MX80L, Parker� with a 0.5-�m
resolution on the x, y, and z axes was used to position the
sample and focus optic.

In order to find ablation properties of the bovine cortical
bone, single-pulse and linear scanned ablation tests were per-
formed on the bone surface at varying pulse energies and scan
speeds. Dimensions of the ablated features from these tests
were used in calculations described in a prior reference17 and
in Sec. 6 to estimate the effective Gaussian beam radius,
single-pulse ablation threshold fluence, and incubation coeffi-
cient of the bone material.

Figure 1 shows a schematic of the ablation pattern used for
micropillar fabrication. A focused laser beam was scanned
around concentric circular paths, with the innermost pass hav-
ing a diameter equal to the programmed diameter of the pillar.
In this example, 100-�m-diam micropillars were fabricated
by removing the surrounding material in three consecutive
layers, each consisting of 45 concentric circular passes. The
laser beam focus location was shifted down by 10 �m for
each subsequent layer. Subsequently, various sizes of micro-
pillars were made using different average laser powers and
scanning speeds. The diameter and height of micropillars
were measured from environmental scanning electron micro-
scope �ESEM� images. The measured diameters at the top
surface of the micropillars were compared with the diameters
calculated using fluence from paraxial laser beam propagation
November/December 2009 � Vol. 14�6�2



a
s

2
A
m
w
m
a
p
m
s
m
t
I
t
m
i

3
3
T
t
i
s
o
d
E
f
u
s
F
s
m
m
l
c
c

F
l
d
t
p
w
l
m

Lim et al.: Micropillar fabrication on bovine cortical bone by direct-write femtosecond laser ablation

J

nd the bone ablation threshold and incubation factor mea-
urements.

.3 Microscopy
n optical microscope �OM; MZ16, Leica� and an environ-
ental scanning electron microscope �ESEM; XL-30, Philips�
ere used to characterize the ablated bone surface. The speci-
en was removed from the glass slide after femtosecond laser

blation and attached to an SEM mount with silver conductive
aint. The single-pulse and linear scanned ablation and micro-
achined pillar arrays were imaged with ESEM using a gas

econdary electron detector �GSED� and wet mode. This
ode replaces the residual gas in the chamber with H2O �g�,

hereby allowing imaging of hydrated biological specimens.
mage analysis software �Image J, NIH� was used to measure
he diameter of single-pulse ablation, width of linear scanned

icrochannel, and diameter of micropillar from the ESEM
mages.

Results
.1 Single-Pulse Ablation on Bovine Cortical Bone
o establish the proper values of pulse energy for ablation of

he bovine cortical bone, single-pulse ablation spots at vary-
ng pulse energies from 5 �J to 0.33 �J were produced by
canning the focused femtosecond laser beam over the surface
f the bovine bone; examples are shown in Fig. 2. Ablated
iameters D are plotted against pulse energy in Fig. 3�a�.
ffective Gaussian beam radius w0 was found to be 2.72 �m

rom the slope the curve. Next, laser fluence was calculated
sing the effective laser focus spot diameter and ablation
quared diameter versus laser fluence was plotted as shown in
ig. 3�b�. It has been found that logarithmic plots of femto-
econd laser ablation squared diameter versus fluence for
etal generally have two slopes, which reflect a change in
echanism at high �“strong” ablation� and low �“gentle” ab-

ation� pulse fluences.15 The same behavior is observed in the
ortical bone ablation data in Fig. 3�b�. The two slopes indi-
ated in the plot extrapolate to strong ablation fluence �F

ig. 1 Procedure for fabricating a micropillar by direct-write laser ab-
ation. The innermost pass of each layer had the same programmed
iameter, and the laser beam focus was shifted downward by 10 �m

o machine successive layers. The resulting diameter of the top of the
illar was less than the programmed diameter due to the ablation
idth of the first pass of the first layer and further reductions by the

ow-fluence pulses irradiating the upper surface of the pillar during
achining of the lower layers.
peak

ournal of Biomedical Optics 064021-
�2 J /cm2� of 2.70�0.16 J /cm2 and gentle ablation fluence
�Fpeak�2 J /cm2� of 1.67�0.4 J /cm2. The variation in our
ablation threshold results is calculated from a curve fit corre-
lation coefficient and is primarily due to inhomogeneity of the
bone structure and pulse-to-pulse variation of laser energy and
beam mode.

3.2 Scanned Ablation of Bovine Bone
Scanned ablation at different laser fluences and scanning
speeds was conducted on the bovine bone, and ablated micro-
channel widths were measured. Two different laser fluences
�F=2.87 J /cm2 and 14.34 J /cm2� at scanning speeds varying
from 1.83 mm /s to 0.02 mm /s were used to create linear
microgrooves on the bone specimen. The widths of the micro-
grooves DN were measured from ESEM images, with ex-
amples shown in Fig. 4. The widths of microgrooves depicted
in Fig. 4 are plotted with respect to scanning speeds in Fig. 5.
At F=2.87 J /cm2, the average widths ranged from
3.5 �m to 2.24 �m as scanning speed varied from
0.02 mm /s �corresponding to pulse number N=783.36� to
1.83 mm /s �N=8.9�. The width at the scanning speed of

Fig. 2 ESEM images of single-pulse laser ablation at different pulse
energies made on the bovine bone sample, �a� EP=0.33 �J; �b� EP
=1.33 �J; and �c� EP=4.66 �J.
November/December 2009 � Vol. 14�6�3
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.02 mm /s was much larger than the diameter of a single
ulse at the same fluence because of incubation due to the
arger pulse number. The solid lines in Fig. 5 represent best-fit
urves of Eq. �15� for laser fluences of F=2.87 and
4.34 J /cm2. The previously determined values of w0=2.72
nd Fth=2.6 J /cm2 were used, and an incubation coefficient
alue of �=0.89�0.02 minimized the error of the two curves
o the corresponding data. Table 1 compares the ablation
hreshold for bovine cortical bone as measured in this work
ith that of other hard tissues such as porcine cortical bone,
entin, and enamel. The incubated gentle ablation threshold
uences are comparable to the incubated ablation threshold
uences for the other materials and are particularly close to

he value reported for porcine cortical bone.14

.3 Micropillar Fabrication by Direct-Write
Femtosecond Laser Ablation

SEM images of micropillars, which had a programmed di-
meter of 100 �m and were fabricated with three layers of
ulses, are shown in Figs. 6�a� and 6�b�. An optical micro-
cope image of these micropillars is also shown in Fig. 6�c�.
o charring of the bone specimen is observed, similar to pre-
ious work.14 After completion of the first, second, and third
ayers, the average diameter of the top surface of the pillar
as measured as 94 �m, 92.3 �m, and 91.9 �m. The abla-

ion width for each pass �defined as the difference between the
rogrammed and measured diameters� was 6 �m, 7.7 �m,

ig. 3 �a� Squared ablated diameter versus laser pulse energy for
ingle-pulse ablation trials. Effective Gaussian radius �w0� was found
o be 2.72 �m from the slope of the curve. �b� Single-pulse ablation
hreshold was calculated by extrapolating the ablated diameter2 ver-
us laser fluence curve to zero diameter. Gentle ablation threshold
uence was calculated as Fth=1.67±0.4 J /cm2, and strong ablation
hreshold fluence was calculated as Fth=2.70±0.16 J /cm2.
ournal of Biomedical Optics 064021-
and 8.1 �m. Table 2 also summarizes the different diameters
of micropillars fabricated at varying average laser powers and
scan speeds.

4 Discussion
4.1 Comparison of Experimental and Theoretical

Ablation Thresholds
It is interesting to compare the experimental single-pulse ab-
lation threshold fluence to values predicted from theory. Ab-
lation threshold for dielectrics was previously studied by Ga-
maly et al.,20 who arrived at an expression for the ablation
threshold

Fig. 4 Linear grooves on the bovine bone sample produced by
scanned ablation at different speeds and two laser fluences, �a� F
=2.87 J /cm2, �b� F=14.34 J /cm2.

Fig. 5 Incubation coefficient, �, was found to be 0.89±0.02 by mini-
mizing the error between Eq. �15� and linear scanned ablation chan-
nel widths at varying scanning speeds and different laser fluences �F
=2.87 and 14.34 J /cm2�.
November/December 2009 � Vol. 14�6�4
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Fth
d =

3

4
��b + Ji�

lsne

A
, �1�

here �b is the binding energy, Ji is the ionization potential,

s /A is a ratio of skin depth to absorption coefficient, and ne is
he free electron density. Experimental ablation thresholds for
ielectric materials such as silica20 and glass21 are reported to
e reasonably approximated by this expression. Cortical
one22 is composed of 70% inorganic material and 30% pro-
eins. The inorganic phase of cortical bone consists mostly of
ydroxyapatite �HA�, Ca10�PO4�6�OH�2. Based on other
ork, the average atomic number density23 na=7.8
1022 atoms /cm3 was used for the free electron density.

ince binding energy and ionization potential for bovine cor-
ical bone are not available from the literature, it has been
ssumed that the average binding energy �b is 5 eV and the
verage ionization potential Ji for bone sample is 12 eV, typi-
al values for dielectrics.23 The ratio of ls /A was estimated as
	 /c=4
 /� �=6.1673�10−6 cm at �=775 nm� because the
bsorption in the ionized dielectric occurs in a skin layer.20

or �=775 nm and Tp=150 fs for the current laser system,
he free electron density ne for HA was calculated based on
he general solution of the time dependence of the number of
he free electron density defined by the rate equation.20,24 The
alculated free electron density ne is 1.96�1023 cm−3 at the
ntensity of 2.92�1013 W /cm2. This intensity is in the range
here femtosecond pulses fully ionize a semiconductor

arget.20 An ablation threshold fluence Fth
d was calculated as

.46 J /cm2, which is similar to the value of the single-pulse
aser threshold fluence of 2.6 J /cm2 measured for the bovine
ortical bone. Based on Eq. �1�, unknown parameters for com-
lex materials, such as the sum of the binding energy and
onization potential, can be practically obtained from the ex-
erimentally measured ablation threshold.

Table 1 Comparison of laser ablation threshold
tissues from the literature.

Fth�1�
�J/cm2� Fth�N� �J/cm2�

Bovine
cortical
bone

2.70±0.16
�strong�

1.56±0.09
�N=100�

1.22±0.29
�N=1000�

Bovine
cortical
bone

1.67±0.4
�gentle�

1±0.06
�N=100�

0.79±0.18
�N=1000�

Porcine
cortical
bone

0.69±0.08
�N=1000�

Enamel 2.2±0.1

Enamel 0.7 �N=100�

Dentin 0.5 �N=100�
fluence measured in this work with that of other hard

� Tp �fs� � �nm� Reference

0.89±0.02 150 775 Present
work

0.89±0.02 150 775 Present
work

200 775 Ref. 14

150 780 Ref. 23

350 1053 Ref. 13

350 1053 Ref. 13
ournal of Biomedical Optics 064021-
Fig. 6 Micropillars with programmed diameter of 100 �m and height
of 30 �m fabricated on bovine cortical bone. Average laser power of
6 mW and scanning speed of 0.67 mm/s were used. �a� SEM image of
a 3�3 micropillar array. �b� Magnified SEM image of micropillar.
Micropillar diameter was measured as 91 �m, and height was 30 �m.
�c� Optical microscope image of micropillars. No charring of the bone
surface was observed.
November/December 2009 � Vol. 14�6�5



4

I
E
m
U
n
c
i
g
t
v
f
c
t
l
p
c
c
i
l
t

F
l
r
m
o

Lim et al.: Micropillar fabrication on bovine cortical bone by direct-write femtosecond laser ablation

J

.2 Comparison of Circular and Straight-Line
Scanned Ablation

t is interesting to compare the pulse numbers predicted by
q. �11� to straight-line values17 predicted using d equal to
easured laser focus spot diameter and s equal to scan speed.
sing the measured focus spot radius of 2.72 �m and scan-
ing speed of 0.67 mm /s, the maximum pulse numbers cal-
ulated from Eq. �11� for various programmed radii are shown
n Fig. 7. For example, when machining around a pro-
rammed diameter of 10 �m with a pulse radius of 2.72 �m,
he maximum pulse number is 25.87 versus a straight line
alue of 24.46. Since ablation threshold is not a very sensitive
unction of pulse number �see Eq. �9��, there was no signifi-
ant increase of the incubated ablation threshold. The ablation
hreshold for circular scanning was F�25.87�=1.82, while the
inear scanning was F�24.46�=1.83, both using �=0.89. The
lot in Fig. 7 shows that the maximum pulse number for
ircular scanning converges to that for the linear scanning
ase as the radius increases. For the micropillar radiuses used
n this work, it is reasonable to use the pulse number calcu-
ated for linear scanning to calculate incubated ablation
hreshold.

Table 2 Comparison of measured and predict
diameters ranging from 5 �m to 100 �m.

Programmed
pillar

diameter
��m�

Laser
power
�mW�

Number
of

layers

Sca
spe

�mm

5 5.5 1 0.6

10 3.5 3 0.6

30 4.5 9 0.6

100 6 3 0.6

ig. 7 Maximum pulse number for circular scanning compared to
inear scanning with focus spot radius of 2.72 �m and various pillar
adii. For the smallest pillar diameter �10 �m� used in this work, the
aximum pulse number predicted by circular scanning analysis was
nly slightly �1.25%� larger than that predicted by linear scanning.
ournal of Biomedical Optics 064021-
4.3 Comparison of Experimental and Calculated
Pillar Diameters

Using the ablation relationships and material property mea-
surements summarized earlier, it is possible to predict the pil-
lar top diameters produced by given ablation process settings.

For a scanning speed of s=0.67 mm /s, the number of
pulses applied to a single location along the scan is N=24.5.
Using �=0.89 and Fth=2.6 J /cm2, the corresponding incu-
bated ablation threshold fluence is calculated to be Fth�24.5�
=1.83 J /cm2. The smaller ablation threshold implies that the
channel width for scanned ablation is larger than the diameter
of a single ablation spot.

When the laser beam focus was shifted down in a positive
z direction for machining of second and third layers, the de-
focused laser fluence applied to the top surface of the pillar
resulted in further ablation. The fluence for a Gaussian beam
that propagates along the z axis can be written as25

F�r,z� = 2
E


w2�z�
exp� − 2r2

w2�z�� , �2�

where E is the laser pulse energy, and w�z� is the radius of the
beam at the axial distance z from the minimum focus location.
The paraxial approximation, valid for NA�n, is used to sim-
plify the dependence of the fluence on the axial distance z. It
is expressed as

w�z� = w0�1 + �NA

n

z

w0
�2�1/2

, �3�

where NA is numerical aperture of the lens, n is index of
refraction, and w0 is the radius of a diffraction-limited spot at
the focus of a Gaussian beam. Experience has shown that
predictions of ablation size are best done using the “effective”
beam focus spot size calculated from the single-pulse ablation
data according to Eq. �8�. Thus, the laser beam radius w0
=2.72 �m obtained in this manner was used in calculations to
predict the extent of ablation of the top surface of the bone
sample. Figure 8�a� shows the Gaussian diameter of laser
beam propagation in air near the minimum focus of 2.72 �m.
At a distance of 20 �m from the focus, the beam radius was
almost 10 �m, and the fluence was about one-tenth of the

ation widths for micropillars with programmed

Measured
pillar

diameter
��m�

Ablation
width
��m�

Predicted
ablation

width ��m�

0 5 �5

4.02±0.33 5.98±0.33 5.32±0.4

23.1±0.83 6.9±0.83 6.4±0.34

91.9±0.9 8.1±0.9 8.3±0.09
ed abl

n
ed
/s�

7

7

7

7
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uence at the focus. Figure 8�b� shows the plot of fluence in
ongitudinal and radial directions with w0=2.72 �m and an
verage laser power of 6 mW �parameters used to fabricate
he micropillars�.

To calculate ablation of the top of the pillar by successive
ayers of laser pulses, threshold fluence was decreased accord-
ng to the power-law relationship shown in Eq. �6�, with pulse
umber N=24.5 for each layer. Figure 9 shows laser fluence
istribution in the radial direction at the top surface of the
one sample �z=0� for the first, second, and third passes. The
eak fluences for the first and second layers were larger than
J /cm2, so the strong ablation threshold was used to calcu-

ate incubated laser fluence. The incubated threshold fluence
or the first layer was Fth�24.5�=1.83�0.12 J /cm2 and that
f the second layer was Fth�49�=1.69�0.14 J /cm2. For the

ig. 8 Analysis of laser beam propagating in air in the z direction by
araxial approximation; �a� laser beam radius: �b� laser beam fluence
istribution in radial and longitudinal directions at average laser
ower of P=6 mW. Beam focus spot radius w0=2.72 �m calculated

rom the slope of single-pulse ablation experiments was used in this
alculation.

ig. 9 Laser fluence distribution in radial direction at z=0 �top surface
f pillar� with w0=2.72 �m, P=6 mW. For the first pass �z=0�, sec-
nd pass �z=10 �m�, and third pass �z=20 �m�, the peak fluences
re Fpeak=17.2, 5.1, and 1.63 J /cm2. The incubated ablation thresh-
ld for each pass was calculated by Eq. �9� at scanning speed of
.67 mm/s �corresponding to N=24.5� and �=0.89. For the first, sec-
nd, and third passes, each incubated ablation threshold fluence is
th�24.5�=1.83±0.12 J /cm2, Fth�49�=1.69±0.14, and Fth�73.5�
1.05±0.09 J /cm2.
ournal of Biomedical Optics 064021-
third layer, the gentle ablation threshold was incubated with
the same coefficient used for the strong ablation pulses, re-
sulting in a third-pass threshold of Fth�73.5�
=1.05�0.09 J /cm2. It is noted that prior research has shown
that incubation coefficients are the same for strong and gentle
ablation thresholds for a metal material.26 For analysis of ab-
lation results, it is convenient to define ablation width as the
difference in programmed and measured pillar diameter. The
predicted ablation widths are compared with the experimental
ablation width for each pass in Fig. 10. Error between pre-
dicted and experimental ablation widths is within about
0.2 �m for each pass.

Figure 11 shows smaller micropillars with programmed di-
ameter of 30 �m and measured average diameter of
23.1 �m. Machining of these tall pillars required nine layers
of pulses at an average laser power of 4.5 mW and scanning
speed of 0.67 mm /s. The final diameter of the top of the
pillar was measured to be 23.1 �m, corresponding to an ab-
lation width of 6.9 �m. Using the procedure outlined earlier,
the width was predicted to be 6.4 �m. Still smaller micropil-
lars with programmed diameters of 10 �m and 5 �m were
also machined and predicted, and measured ablation width
results are summarized in Table 2. Error between predicted

Fig. 10 Comparison of calculated and measured ablation width �pro-
grammed diameter minus the diameter of the top surface of the pillar�
for successive layers. Predicted ablation width was well-matched with
the measurements.

Fig. 11 Micropillars fabricated on bovine cortical bone by direct-
write femtosecond laser ablation. Pillars had programmed diameter of
30 �m and measured average diameter of 23.1 �m after machining
with 9 layers of pulses at an average laser power of 4.5 mW and
scanning speed of 0.67 mm/s.
November/December 2009 � Vol. 14�6�7
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nd experimental final ablation widths is within about
.6 �m.

Conclusion
n summary, single-pulse ablation and linear scanned ablation
ests were conducted on a bovine cortical bone sample. The
ingle-pulse ablation threshold was measured from single-
ulse ablation features, and the incubation coefficient was
easured from the width of grooves machined by scanned

blation. Calculations showed that the measured value of the
ingle-pulse strong ablation threshold was comparable to es-
imates from an analytical model ablation model based on

olecular binding energies and heat capacity. Micropillars
ere fabricated by applying multiple layers of concentric

ings of circular femtosecond laser ablation scan passes. No
xidation of the bone was observed for femtosecond laser
achining, unlike results with nanosecond laser pulses. The
idth of the top surface of the pillar was measured after each

ayer of pulses was also calculated based on pulse fluence
rom a paraxial focus calculation, ablation threshold fluence,
nd incubation factor for the bone sample. The calculated pil-
ar diameters were well-matched to measurements, confirming
hat femtosecond laser ablation is a practical, predictable

eans for precision structuring of bone surfaces.

ppendix A
he ablation threshold fluence of the bone material was cal-
ulated from the diameters of single-pulse ablation spots
ade at varying pulse energies. The analysis is based on an

ssumption that a pulse with Gaussian radial fluence profile
nd with peak fluence greater than an ablation threshold value
f Fth will ablate material within a radius where the pulse
uence equals or exceeds the ablation threshold value. The
adius at which the laser beam fluence equals the ablation
hreshold fluence can be found from the expression for Gauss-
an fluence distribution:

Fth = F0 exp�− 2r2/w0
2� , �4�

here w0 is the Gaussian beam radius, and F0 is the peak
uence, related to pulse energy Ep by

F0 = 2Ep/
w0
2. �5�

imilarly, threshold fluence and energy are related by

Fth = 2Eth/
w0
2, �6�

here Eth is the pulse energy corresponding to ablation
hreshold fluence. Rearranging Eq. �4� to solve for the diam-
ter D of the area near the center of the beam from which
aterial is removed provides the relation:

D2 = 2w0
2 ln�F0/Fth� = 2w0

2�ln�F0� − ln�Fth�� . �7�

xperimentally, single-pulse ablation spots with measured di-
meter D are produced by varying pulse energy over a range
f values while focus spot radius is maintained at a fixed
alue. A semilogarithmic plot of D2 versus F0 is created, and
he ablation threshold fluence is found by extrapolating the
inear curve resulting from this plot to zero diameter where
ournal of Biomedical Optics 064021-
Fth=F0. An effective focus spot radius for the experiment can
be calculated directly from the ablation data, since calculated
focus spot sizes are subject to inaccuracy.27 Using Eqs. �5�
and �6� in Eq. �7� yields

D2 = 2w0
2 ln�E0/Eth� . �8�

Thus, the effective radius of the laser focus spot needed for
fluence calculations in Eqs. �5� and �6� can be calculated from
the slope of a plot of experimental ablation diameter-squared
versus pulse energy data.

Appendix B: Scanned Ablation Around a Circular
Path
When numerous laser pulses are applied to the same surface
location �number of pulses N is greater than 1�, ablation oc-
curs for pulse energy less than that corresponding to the ab-
lation threshold fluence for N=1 �single pulse�. This effect,
termed incubation,28 is attributed to accumulation of damage
or defects from individual pulses. The effect of incubation of
pulses of the same energy on ablation threshold is often quan-
tified by a power-law relationship of the form

Fth�N� = Fth�1�N�−1, �9�

where N is number of pulses, and � is the incubation coeffi-
cient.

It is necessary to consider the pulse overlap distance when
applying incubation analysis to scanned ablation experiments.
Incubation analysis for linear scanning has been reported in
prior work.17 In the present experiments, we consider the ge-
ometry associated with scanning a laser focus spot of radius
	o and pulse repetition frequency f around a circular path of
radius R with scanning speed s, illustrated in Fig. 12. For
given circular locus displaced from the scanning path by dis-
tance r, the length of the circular arc spanning a focus spot for
a given pulse is d�r�, and the scan distance between succes-

Fig. 12 Geometry associated with scanning a laser focus spot with
radius 	0 around a circular path of radius R at a scan speed s. The
overlap between the areas irradiated by successive laser pulses �sug-
gested by the solid and dashed circles� is related to the incubation of
damage caused by application of energy from numerous pulses to the
same point. Based on the geometry, the number of pulses incident on
a point lying on a circular arc with spacing r from the scan path was
calculated and compared with the linear scanning case.
November/December 2009 � Vol. 14�6�8
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ive laser pulses is s�r� / f . Analogous to the linear scanning
ase, the definition of overlap O�r� for this geometry is

O�r� = 1 − s�r�/d�r�f , �10�

nd the number of pulses laser N�r� incident on a point lying
n the locus is

N�r� =
d�r�

s�r�/f
. �11�

he angle � defined in Fig. 2 is calculated by laws of cosines
s

� = cos−1�R2 + �R − r�2 − w0
2

2R�R − r� � . �12�

he distance and speed needed to compute overlap and pulse
umber are

d�r� = 2�R − r�� , �13�

nd

s�r� = �R − r�s/R . �14�

t is noted that the maximum overlap of successive pulses
ccurs on a circular locus with smaller diameter than the pro-
rammed diameter and is slightly larger than the straight line
verlap value calculated with constant laser focus spot diam-
ter d and scanning speed s.

Ablated channel width DN for scanned ablation with pulse
umber N can be calculated by combining Eqs. �7� and �9�:

DN = 	2	0
2 ln� F

Fth�1�N�−1�
1/2

, �15�

urthermore, Eq. �11� can be substituted into Eq. �15�, result-
ng in

DN = �2	0
2 ln	 F

Fth�1��d�r�f/s�r���−1
�1/2

. �16�

f the channel width is known from measurements, Eq. �16�
an be used to solve for an unknown parameter such as incu-
ation coefficient.
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