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Abstract Plasma-mediated laser ablation and dissection of
freeze-dried human dermis using an ultrashort pulsed laser
of pulse width 900 fs and wavelength 1,552 nm were
investigated. The surface ablation line width and depth in
relation to irradiation fluence and pulse overlap rate were
characterized and measured by scanning electron microscopy.
The ablation threshold fluence for freeze-dried dermis was
determined as 8.32 J/cm2 and the incubation factor subject to
pulse train irradiation was found to be 0.54. Histological
examination showed no thermal damage with single line
ablation. Even with multiline ablation, thermal damage was
insignificant and the lateral damage zone was generally
within 10 µm with 100 continuously repeated line scans.
Ultrashort pulsed laser ablation of the interior of dry dermal
tissue was shown to strip thin dermal slices with different
thicknesses ranging from 20 to 40 µm.
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Introduction

The use of lasers in surgical and medical procedures has been
of great interest since their invention in 1960, and they have
become a common tool in many current medical procedures,
such as the treatment of teeth, therapies for cancers, repair of
retinal damage and vision correction, microsurgery, and
biomedical imaging [1]. Compared to thermal ablation and

thermal therapies [2], plasma-mediated ablation using
ultrashort pulsed (USP) lasers has advantages with respect
to precise removal of material with minimum thermal
damage to the surrounding tissue [3–7]. Furthermore, the
substantial plasma generation and absorption enable the
ablation of material that is normally difficult to ablate, such
as transparent or low-absorption tissue [8–10].

Surgical treatment is frequently restricted by the scarcity of
suitable tissue for reconstruction. Separation of a naturally
derived tissue into multiple layers allows augmentation of the
uses to which it can be put, which is an important
consideration if there is a limited amount of donor tissue
[11]. A tissue may also have to be separated into layers as it
may not be necessary or appropriate to implant the tissue in
its entirety. For example, in the treatment of burn wounds it
is often necessary to implant only the epidermal layer of a
skin allograft [12], and for facial soft tissue augmentation
only an acellular dermis may be needed [13]. Human
epidermis is about 0.5 mm thick over most of the body,
and the dermis is about 1 to 2 mm thick. The epidermis of
the eyelid is as thin as 0.1 mm.

However, effective and efficient methods for dissecting
natural tissues into thin layers and for precisely cutting and
shaping tissues without collateral damage are lacking.
Techniques using a mechanical tool or surgical knife to
separate a tissue into multiple layers or cut a tissue into pieces
are often limited in precision, resulting in a large amount of
waste of a quite limited resource (private communication,
Schuler and Gertzman of the Musculoskeletal Transplant
Foundation, the largest tissue bank in the USA). Amicrotome,
commonly used for cutting biological specimens into
transparent thin sections for microscopic examination,
requires complicated sample preparation techniques, besides
the difficulty in slicing tissue in its native state. The use of
chemical methods is time consuming, and chemical residues
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in the tissue sample could be hard to remove and render the
tissue unsafe for further use.

In a recent study [11], ablation and thin-layer separation
of wet human dermis with no obvious signs of thermal
damage to the surrounding tissue by USP laser plasma-
mediated ablation was demonstrated. However, soft tissues
such as wet dermis are deformable and apt to dehydrate
during laser processing. Deformation degrades the ablation
accuracy and increases the difficulty in manipulation.
Undesired dehydration may alter the tissue morphology and
properties. To overcome these shortcomings, it is worth
considering soft-tissue lyophilization. Freeze-drying is a
common method for tissue preservation that has many
advantages, such as a decrease in surgical time and morbidity,
elimination of antigenicity and prevention of a foreign body
type reaction, and simplification of storage and distribution of
donor tissues [14]. A freeze-dried bone graft may be stored in
a sealed evacuated container for several years and then
successfully used in clinical practice [15]. Freeze-dried dermal
tissue can be fully rehydrated in a sterile solution and
positioned or draped wherever it is needed for implantation.
Since laser processing is contact-free, it could lessen the
concern about contamination [16] of the processed tissues.

In this study, soft dermal tissues were processed by freeze-
drying before laser ablation. The experimental set-up and
manipulation of the tissues were simplified. The procedure
eliminated absorption of light due to water in the wet tissue.
Investigations were focused on the fundamental aspects of
ablation threshold and line features, and the histological
evaluation of thermal damage. Stripping of thin tissue slices
that holds tremendous potential for use in dermal tissue
transplantation and therapies was demonstrated.

Materials and methods

The experimental set-up consisted of four main parts: a USP
laser system, a beam delivery system, a workstage, and a
whole control system. The USP laser was an erbium-doped
fiber laser, commercially available fromRaydiance (Petaluma,

CA). The system lased at a central wavelength of 1,552 nm
with an output of ultrashort pulses with a pulse duration of
900 fs and a tunable repetition rate of 1 Hz to 500 kHz. Its
output power was adjustable between 1 and 5 μJ per pulse. In
the beam delivery system, the laser beamwas focused through
an objective lens (Mitutoyo M Plan Apo NIR 20×, NA 0.40,
fL 20 mm) as shown in Fig. 1. The power loss through the
beam delivery system was about 50%, i.e. the power
measured by a digital power meter after the objective lens
was about 50% of the power reading from the computer that
controlled the laser output parameters (power and pulse
repetition rate). Such a loss is accounted for in the irradiation
pulse energy values stated here. The laser beam before the
lens d was about 10 mm in diameter. The diameter of the
diffraction-limit focal spot (2.44λfL/d) in free space was
estimated as 8 μm.

The whole control system was a RayOS laptop interface
for laser output parameter control (mainly pulse energy and
repetition rate) and motion control of the three-axis
precision compact linear stage (VP-25XA; Newport, Irvine,
CA). The tissue sample was mounted onto a workstage and
the workstage was fixed to a 3-D automated translation
stage through which the optics and laser scanning were
aligned. There were two different designs for the workstage
in this study. Figure 1a shows a schematic diagram of the
experimental set-up with a plate fixture for sample mounting.
This set-up is simple and was used for characterizing surface
ablation. A fume extraction system (FX225; Edsyn, Van uys,
CA), which is not shown in Fig. 1, was also employed to
collect plasma plume residue and debris during the laser
processing.

For freeze-dried dermis stripping, the set-up shown in
Fig. 1b was adopted. The tissue sample was sandwiched
between two glass slides in the chamber and was kept flat
by adding an appropriate weight on the top glass slide. The
laser beam passed through the bottom glass slide with
negligible power loss and was focused to a certain depth
inside the tissue for stripping by area scan ablation. To
ensure that the focal plane was inside the tissue sample, the
focal spot was first adjusted to the top surface of the bottom

Fig. 1 Experimental set-ups for
USP laser freeze-dried tissue
surface ablation (a) and layer
stripping (b)
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glass slide through the observation of the generation of a
third harmonic blue spark, and then the desired depth was
obtained by Z-axis motion.

Freeze-dried dermal tissues were used in the experiments.
Dermis samples packaged in a hydrated state were prepared
and provided by the Musculoskeletal Transplant Foundation.
The wet soft tissue was precut into appropriate pieces and put
into a freezer (−20°C). The tissue became completely dry over
a period of 12 hours and such samples can be stored at room
temperature over a long period –months to years. Absorption
of light due to water that impedes laser ablation inside wet
tissues is eliminated from the freeze-dried dermis samples.
Nevertheless, light scattering still exists in freeze-dried
tissues.

Following the ablation experiment, an upright digital
microscope (National Optical DC3-156-S) was used to
examine the microtopography and surface quality of the
ablated tissue samples. The ablation features were precisely
inspected and measured using an Amray scanning electron
microscope (SEM), model 1830 I (Amray, Bedford,MA). The
ablation depth and thin layer thickness were measured using a
Dektak 3030 surface profiler. For histological evaluation, the
samples were first immersed in formalin and routinely
dehydrated in a series of graded ethanol. Then the samples
were embedded in paraffin wax and sectioned at 10 μm. The
slices were then stained with hematoxylin and eosin for light
microscopic evaluation. The analysis and photography were
performed using a Nikon ECLIPSE E600 microscope system.

Fig. 2 SEM images of single
line ablation at the freeze-dried
dermis surface with different
irradiation energies: a 2.5 μJ,
b 2.0 μJ, c 1.5 μJ, d 1.0 μJ

Fig. 3 a Square of ablation line
width versus pulse irradiation
energy. b Single line ablation
depth versus pulse irradiation
energy
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Results and discussion

There are two major operation parameters that affect the
ablation: irradiation pulse energy and pulse overlap rate.
The energy of the incident laser pulse determines the
irradiation fluence. Plasma-mediated ablation occurs
when the irradiation fluence is above a critical value –
the so-called ablation threshold. The pulse overlap rate is
the ratio of the pulse repetition rate, f, to the speed of
movement of the workstage, v.

Figure 2 shows four representative SEM images of the
ablation lines generated with different irradiation pulse
energies at the same pulse overlap rate of 20 pulses/µm
(500 kHz repetition rate and 25 mm/s stage speed). From
the upper images (Fig. 2a, b), the average ablation line
width was measured as 17.8±1.1 µm and 14.9±0.5 µm for
2.5 and 2.0 µJ irradiation pulse energies, respectively. The
averages were obtained from three experimental samples
and the deviation represents the uncertainty. Figure 2c and

d are views with a tilt angle for the ablation lines with 1.5
and 1.0 µJ irradiation pulse energies, respectively. The
surface roughness of the tissue samples can be seen.
Bumps along the edges of the ablation grooves in the
freeze-dried dermis can also be seen. This is different from
the results of our previous wet dermis ablation studies
[11], which showed no such bumps. The height of the bulge
was about 2–5 µm. What caused the bulge is still not very
clear, but such a phenomenon has also been observed by
Crawford et al. [17] in laser micromachining of grooves in
silicon and by Shin et al. [18] in laser cutting of flexible
printed circuit boards.

For laser beams with a gaussian spatial profile, the
maximum irradiation fluence F0 can be calculated from the
pulse irradiation energy E as:

F0 ¼ 2E

p r2eff
: ð1Þ

In laser ablation, the effective radius, reff, of the focal spot
can be found from the slope of the following formula [19]:

D2 ¼ 2r 2eff ln
F0

Fth

� �
; ð2Þ

where D is the diameter of the ablation crater and Fth is the
ablation threshold fluence.

An ablation line consists of craters continuously ablated
in the laser scanning direction. When the pulse overlap rate
is so intense that no individual crater can be distinguished,

Table 1 Effective focal spot radius and ablation threshold for
different pulse overlap rates

Pulse overlap rate (pulses/μm)

2 5 10 20

Equivalent pulse number 18 51 124 372

Effective radius of focal spot (μm) 4.4 5.1 6.2 9.3

Threshold, Fth (J/cm
2) 2.21 1.41 0.92 0.56

Fig. 4 SEM images of multiline
surface ablation of freeze-dried
dermis with a pulse irradiation
energy of 2.5 μJ and an overlap
rate of 20 pulses/μm: a 10
repeated lines, b 50 repeated
lines, c 100 repeated lines,
d 200 repeated line
scanning
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the ablation line width is then equivalent to the diameter of
the ablated crater generated by many repeated pulses. The
equivalent pulse number, N, can be approximated by:

N ¼ 2reff f =v: ð3Þ

The measured ablation line widths and depths (represented
by the symbols) for various pulse irradiation energies are
displayed in Fig. 3. The square of the ablation line width was
linearly related to the logarithm of the pulse irradiation
energy as shown in Fig. 3a. The accumulated fluence for the
present ablation lines was very high, especially with 20
pulses/µm pulse overlap rate; and thus, the calculated
equivalent pulse number N was very large, as shown in
Table 1. As discussed by Bonse et al. [20], the data at high
fluence points should be excluded from the linear fitting
because the deviation of the intensity from the gaussian
distribution at the “edge” of a high fluence beam will lead to
nonlinearity. Therefore, only low fluence points in Fig. 3a
were adopted for the linear fitting to obtain the slope of the
curve with 20 pulses/µm pulse overlap rate.

After obtaining the effective radius of the focal spot, the
fluence can be calculated from Eq. 1, and the threshold for
different pulse overlap rates can be acquired by extending
the fitted lines in Fig. 3a to intersect with the abscissa. The
calculated effective radii of the focal spots and ablation
thresholds are also shown in Table 1. The effective size of
the focal spot increased with increasing pulse overlap rate
and was in the range of 9–19 µm, showing the same
tendency and similar range to that seen in wet dermis
ablation [11].

Table 1 also shows that the ablation threshold decreased
as the pulse overlap rate increased. This phenomenon can

be explained by the effect of incubation [21], and an
accumulation model is given as:

FthðNÞ ¼ Fthð1ÞN x�1; ð4Þ
where Fth(1) and Fth(N) refer to ablation thresholds due to a
single pulse and N pulses, respectively. The exponent ξ is
the so-called incubation factor. Using the data in Table 1,
one can draw a least-squares fitting line of ln(NFth(N))

Fig. 5 Ablation depths and widths in relation to the number of
repeated ablation lines with a pulse irradiation energy 2.5 μJ and
overlap rate 20 pulses/μm

Fig. 6 Histological views of freeze-dried dermis following USP laser
ablation with a pulse irradiation energy of 1.0 μJ and overlap rate of
20 pulses/μm: a single ablation line, b 50 repeated ablation and cut
lines, c 100 repeated ablation and cut lines
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versus ln(N), and the slope of the line yields an incubation
factor ξ of 0.54±0.01 for the freeze-dried dermis. Further,
the ablation threshold Fth(1) for the freeze-dried dermis can
be calculated as 8.32±0.37 J/cm2 from Eq. 4 and the data in
Table 1. The uncertainties were obtained using the method
described by Holman [22].

Comparing the current results with those of Huang and
Guo [11], the ablation threshold of the freeze-dried dermis
was smaller than that of wet dermis (9.65±1.21 J/cm2). The
reason could be twofold: (1) there is no radiation loss due
to water absorption of light in dry tissues; and (2) it is
possible that the higher ablation threshold for wet dermis is
because extra energy is required to vaporize the water in the
tissues. Wet tissue is much denser than dry tissue, and has a
higher specific heat capacity. A similar difference was
noticed by Daminelli et al. [23] for silicon ablation in air
and in water. As for the incubation factor, the current value
for freeze-dried dermis is larger than that for wet dermis
(0.38±0.03). This means that the cumulative effect of
continuous pulses in freeze-dried dermis is not as profound
as in wet dermis.

Figure 4 shows the SEM images following multiline
surface ablation (10–200 repeated lines) with the same
operation parameters (2.5 μJ pulse irradiation energy and 20
pulses/μm overlap rate). During the process of multiline
ablation, the ablation interface is always renewed by adjusting
the laser beam focal spot position so that the ablation can be
continued at the bottom of the grooves. As shown in the upper
images of Fig. 4a, b, the ablation grooves become more clear
and deeper when more repeated lines are scanned. However,
the opening in the repeated scanning was not widened, and
the repeated line ablation width was similar to that due to
single line ablation. The SEM images with a tilt angle

(Fig. 4c, d) show details of the ablation line walls. Again,
bumps along the groove edges were apparent.

Figure 5 shows the measured ablation line widths and
depths due to multiline repeated ablation. It is seen that,
with increasing repeated lines, the ablation line width
increased but the rate of increase slowed down. The
ablation depth increased rapidly when the number of
repeated lines increased from 1 to 10. However, there was
no statistically significant change when the number of
repeated lines increased from 50 to 200. Thus, the ablation
depth due to multiline repeated ablation is not a simple
multiplication of the corresponding single line ablation
depth. This can be attributed to several factors. A major
factor is the partial blockage of the passage of the laser
beam to the deep tissue due to the narrowness of the
ablation channel and/or debris in the channel.

The degree of thermal damage of the ablated tissue
samples was evaluated histologically. Figure 6 shows
routinely stained sections (1,000× magnification) of slots
cut in freeze-dried dermis samples with the same laser
parameters (20 pulses/μm and 1.0 μJ) but different numbers
of repeated lines. The irradiated surface in the images faces
up and the beam spot is around the middle in each image.
No thermal damage or structural change occurred with the
single ablation line, as shown in Fig. 6a. For multiline
ablation a clear cut to a certain depth was apparent (Fig. 6b, c).
However, a darkly stained lateral layer near the cut was also
seen. The thickness of the lateral thermal damage layer was
less than 10 μm for the 100 repeated ablation and cut lines.
The greater the number of repeated lines, the larger and the
more severe (darker) was the thermally damaged zone. This
implies that the accumulation of irradiation fluence is the key
factor in causing thermal damage.

Fig. 7 Thin-layer stripping
from a freeze-dried dermis:
a photograph of the dermis (top)
and stripped layer (bottom;
arrows show where the strip
comes from); b SEM image
of the edge of the stripped thin
layer

Sample no. Original thickness of dry dermis (μm) Thickness of the stripped thin slice (μm)

1 460 22.3±8.1

2 500 26.9±7.7

3 400 32.5±9.5

4 380 33.8±9.9

Table 2 Results from several
freeze-dried dermis stripping
tests
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To demonstrate the potential of USP laser ablation of
freeze-dried dermis for enhancing the harvest of donor
tissues or for preparing grafted tissues for transplantation or
therapies, a thin section of dermis was stripped and the results
are shown in Fig. 7. The freeze-dried dermis sample was
about 12 mm long, 4 mm wide and 0.5 mm thick. The tissue
sample was processed using the experimental set-up shown
in Fig. 1b by repeated area scanning (scan lines 2 μm apart)
with a pulse irradiation energy of 2.5 μJ and an overlap rate
of 1 pulse/μm. After the laser processing, the top glass slide
was removed and the bulk of the sample was peeled off from
the bottom glass slide. The stripped thin-layer dermis shown
in Fig. 7a sticks to the glass slide, retaining its shape and
dimensions. The stripped thin layer shown was 12 mm long,
0.6 mm wide and 27 µm thick. The stripped could be
rehydrated in a sterile solution and peeled off from the glass
slide just before use. The slice thickness was 27 µm before
rehydration and about 0.1mm after rehydration, and the freeze-
dried sample of thickness 0.5 mm fully recovered to its original
thickness of about 1.8 mm in the wet state. The removed tissue
shown in the top of Fig. 7a is somewhat distorted because of
the force applied during peeling. The stripping has left a clear
imprint on the tissue piece. Figure 7b is an SEM view of an
edge of the stripped freeze-dried dermis layer.

The processing time is mainly determined by the ablation
area rate, s, defined as s = wv, where w is the ablation width,
and v is the speed of movement of the workstage. In the
current experimental set-up, the maximum ablation width
was about 18 µm, and the maximum speed of the stage
was 25 mm/s. Hence, the ablation area rate could reach
0.45 mm2/s. This rate was comparable with precision
cutting rate using mechanical tools, indicating that laser
ablation is a practical procedure. However, the stripping
efficiency, defined as η = A/(st), will be affected by the stage
transition time and the ablation line overlap intensity. Here, A
is the area of stripping, and t is the total time. The actual
processing time for the stripped dermal slide was about 5 min,
and the stripping efficiency was only 5.3%. The efficiency
was low because of two factors: (1) the stage transition time
for each ablation line (12 mm long) was about 1 s, longer than
the stage line advance time (12 mm ÷ 25 mm/s = 0.48 s); and
(2) adjacent lines were set only 2 μm apart to ensure sufficient
overlap. The aim of future research should to overcome these
shortcomings.

Because of the strong attenuation of light scattering, there
was a depth limit for the laser beam to focus inside the freeze-
dried dermis. It was found that the thickness of the stripped
slices using the present methodwas limited to about 40 µm for
the freeze-dried dermis. After rehydration the thickness of the
slices could expand three to four times. Several freeze-dried
dermis samples were successfully stripped using the current
instrument and the thicknesses of the thin layers are shown in
Table 2. It is seen that the stripped dry dermis layers were

much thinner than the separated thin layers of wet dermis
obtained by Huang and Guo [11]. As compared with the
thin-layer separation of wet dermis [11], the present
instrument for stripping freeze-dried dermis is simpler and
more efficient. In particular, it does not require specific
feeding and moisture-retaining devices.

Summary

We successfully achieved in vitro cutting and stripping of
freeze-dried human dermis by USP laser plasma-mediated
ablation. First, a parametric study of single line surface
ablation was conducted to obtain the ablation threshold and
incubation factor. The results were compared with those of
a previous study of wet dermis ablation. The threshold for
single pulse ablation of freeze-dried dermis was 8.32±
0.37 J/cm2 which is smaller than that of wet dermis (9.65±
1.21 J/cm2). The incubation factor for the freeze-dried
tissue was 0.54±0.01 which is slightly larger than that for
wet dermis. Then the ablation features of multiline surface
scanning ablation were investigated. With an increasing
number of repeated lines the ablation line width increased
but the rate of increase slowed down. The formation of a bulge
was seen in the edge of the ablation groove. Subsequent
histological evaluation showed no thermal damage following
the single line ablation. Even following multiline ablation,
thermal damage was insignificant and the lateral damage zone
was generally within 10 µm. Finally, USP laser ablation was
able to strip thin layers of dermis. The thickness of the
stripped freeze-dried dermis was in the range of 20–40 μm.
On rehydration the freeze-dried slices expanded three to four
times. No severe thermal damage such as charring was found
at the cut and stripped surfaces. Thus USP laser plasma-
mediated ablation was shown to provide a simple yet effective
method to precisely and nonintrusively process soft tissues
with minimal thermal damage.
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