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Laser skin perforation is an effective and promising technique for use in blood collection. In this
study, the relation between the perforation profile of skin and laser irradiation at various energies
is discussed. Increasing laser energy does not uniformly expand the size and depth of a hole
because the shallow depth of field (DOF) of the focused light primarily concentrates energy on the
skin surface. In practice, the hole gradually transforms from a semielliptical shape to an upside-
down avocado shape as the laser energy increases. This phenomenon can increase the amount of
bleeding and reduce pain. The findings support the feasibility of developing an accurate laser skin

perforation method.
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1. Introduction

Diabetics must check their blood glucose levels daily
and endure constant skin perforations, affecting
their quality of life; developing a laser skin perfo-
rator could yield real benefits for such users.'™
Compared with stainless steel lancets, laser skin
perforators inflict relatively low levels of pain,
allowing effective blood sampling and rapid wound
healing.* When the skin surface is irradiated using
short pulses of high power density radiation, skin
tissue is locally ablated””; this forms a small
hole, which bleeds if the hole is deep and injures
a capillary. Because this laser perforation method
involves no contact with the skin, infections can be

*Corresponding author.

avoided and this blood sampling technique has
numerous useful medical applications.* "

An Er:YAG laser (2.94 ym wavelength) is the
most commonly used laser for skin perforation be-
cause it emits radiation that is easily absorbed by
water molecules within the body. Moreover, this
laser penetrates to a more shallow depth compared
with Ho:YAG and Nd:YAG lasers, diminishing the
resulting pain.'! In addition, using short pulses and
a focus lens generates smaller wounds compared
with those inflicted using traditional lancets. How-
ever, excessively small holes may not yield sufficient
blood collection. Even if the penetration depth of a
hole is adequate and the capillary is open, the flow
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of blood could be obstructed if the passage or exit is
too narrow. To facilitate blood collection, holes must
exhibit adequately large openings and sufficient
depth. Regarding homogeneous material, increasing
the laser energy cannot evenly extend the width and
depth of a hole; given the complex composition of
organic tissue, the perforation behavior of lasers in
this context is extremely complicated.

In this study, an Er:YAG laser with varied energy
was used to perforate skin. The holes generated
by the laser were observed using an upright optical
microscope. By using a high numerical aperture
(NA) objective lens, the widths of the holes at various
depths were recorded and cross-sectional images were
reconstructed. Our analysis demonstrated that the
profiles of the holes were not uniformly semicircular
or wedge-shaped. Because of the shallow depth of
field (DOF) of the laser-focus lens, the light energy
was primarily concentrated on the skin surface. As
laser energy increased, the expansion speed of the
hole was slow in deep regions and fast in shallow
regions. Understanding this behavior enables select-
ing of suitable laser energy to form a hole with a wide
opening on the skin surface and a narrow aperture
between the epidermis and dermis layers. In other
words, an accurate skin perforation method can be
achieved, facilitating sufficient blood output and
minimal pain. This finding can improve laser skin
perforation technology and its applications.

2. Experimental Setup

We used an Er:YAG laser in the skin perforation ex-
periment because its emission wavelength (2.94 ym)
matches the absorption peak of water. Figure 1(a)
shows the laser components: a drive circuit, capacitor,
and an Er:YAG laser module. The Er:YAG laser
module comprised an optical resonator, crystal, and
focus lens. The maximal energy of the laser was
350 mJ and the pulse duration was 250 us. Because
the holes generated by the laser were extremely small,
an optical microscope was used to observe the hole
diameters and depths, requiring the preparation of a
static sample. In the experiment, a section of a pig ear
was used as the in vitro test specimen, as shown in
Fig. 1(b); pig ear skin tissue is extremely similar to
that of human tissue.'*'® The thicknesses of the
stratum corneum and living epidermis in the pig ear
were approximately 20 and 100 um, respectively.
Similar to human skin, we determined that blood

(b)

Fig. 1. Photograph of the (a) laser components and (b)
sample of pig ear.

capillaries in the dermis layer of the pig ear opened
and began to bleed at a perforation depth of
120-220 pm.

To diminish pain and limit the amount of
bleeding, a focus lens was used to control the laser
perforation range. Figure 2(a) illustrates a colli-
mated Er:YAG laser light traveling through a
biconvex lens and focusing on the skin of a man’s
fingertip. The lens was made of transparent plastic;
the radius of curvature was 7.85mm and the
thickness was 3.5mm. Optical design software
(OSOL 6.2.4; Lambda Research) was used to sim-
ulate the focusing effect. The theoretical result
demonstrated that the effective focal length was
approximately 8.87 mm and the NA was 0.35. At
low NA wvalues, the resolution and DOF of an
optical focusing system in the air can be simply
expressed as follows:

A
R_Kl'ma (1)
A
DOF =+ K, - 2
O 2 (NA)27 ()
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Fig. 2. (a) Optical simulation of laser skin perforation (not an actual ratio) and (b) irradiance distribution of the focal spot.

where R is the optical resolution; K; and K, are
process factors; and A is the wavelength of the
light source. Figure 2(b) shows the spatial distri-
bution of relative irradiance of the light spot. The
full width at half maximum of the spot was ap-
proximately 5 um and the spot size (13.6% of max.
energy) was approximately 12 um. The DOF of the
spot was approximately 26 ym. The Er:YAG laser
was unpolarized.

In this study, Er:YAG lasers of three energy
levels (350, 250, and 150 mJ) were used to irradiate
the pig skin. A designed opto-mechanical compo-
nent was employed to determine that the skin sur-
face was located at the focus of the lasers and
perpendicular to the optical axis. This component
is a hollow plastic cylinder with an outside diameter
of 5.2mm and inside diameter of 4.4 mm. Based on
the effective focal length and lens thickness men-
tioned above, we set the height of the cylinder at
7.1mm in order to facilitate precise control over the
distance between the top of the finger and front
of the lens. The high energy of the laser causes the
skin tissue to vaporize, resulting in partial perfora-
tion. A reflective optical microscope (Nikon MM-
400) with height positioning system was used to
measure these perforations. The objective lens was
50 x with a NA of 0.45. The DOF is shallow enough
for observations. Therefore, focal planes were used
for optical sectioning to achieve three-dimensional
reorganization of these images.

3. Results and Discussion

Pig ear epidermis is covered in coarse pores. Thus,
the pig ear epidermis pores were first photographed
at various focal planes to avoid mistaking them for
laser perforations. Figure 3(a) shows a pig ear epi-
dermis pore with a diameter of approximately

350 pm and located on the skin surface. Figure 3(b)
shows a pig ear epidermis pore with a diameter of
approximately 130 um and located at a depth of
200 pm under the skin surface. Figure 3(c) shows
the bottom of a pig ear epidermis pore located at a
depth of approximately 500 um; its size was unclear
at this depth. A characteristic feature of pig epi-
dermis pores is their roundness at various depths.
Irregular shapes were not observed, and their sizes
were extremely consistent. Thus, they can easily be
distinguished from laser perforations.

First, an Er:YAG laser with energy of 350mJ
was used to perforate the skin. Figure 4(a) shows
that an irregular hole in the shape of a shallow
volcano is formed on the skin surface. Figure 4(b)
shows the image presented in Fig. 4(a) after un-
dergoing uniform image processing (the threshold
function of ImageJ software was used to filter the
background and define the hole size more precisely).
Because the hole was not round, only the transverse
and longitudinal diameters were measured at 469
and 427 pum, respectively. This estimation method
may lead to deviation from uncertainty or human
error associated with the identification of hole
boundaries. We repeatedly sampled the diameter of
the hole along a single axis and the results presented
a difference of less than 5% among more than 10
individual measurements. We believe that this de-
gree of fluctuation is acceptable. Next, optical
images and hole sizes were recorded and measured
at various depths, with one image taken at 50-um
intervals until the bottom was reached. With this
laser energy, the depth of perforation was approxi-
mately 250 um. Thus, a total of six images with
accompanying data were obtained. The significance
of these data is analyzed below. Figure 4(c) shows
the optical image of the hole bottom, in which suf-
ficient reflected light and a flat base structure can be
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Fig. 3. Photograph of the pig ear epidermis pores at various focal planes.

clearly observed. Figure 4(d) shows the image pre-
sented in Fig. 4(c) after undergoing uniform image
processing. The contour was elliptical, and the lon-
gitudinal and transverse diameters of the hole bottom
were 84 and 163 pum, respectively. Although the laser
spot was circular, the skin tissue was not a homoge-
neous material. Thus, the uniformity of the tissue
vaporization varied, especially at greater skin depths.

As shown in Fig. 5, similar methods were
employed to measure the skin hole formed by the
laser with energy of 250 mJ. Because this energy
was less than 350 mJ, the hole depth, approximately
200 pm, was comparatively shallower. Optical ima-
ges and hole sizes were recorded and measured at
various focal planes, with one image taken at 50-pm
intervals until the bottom was reached. Thus, a

total of five images with accompanying data were
obtained. Figure 5(a) shows the optical image of a
hole on the skin surface. Figure 5(b) shows the image
presented in Fig. 5(a) after undergoing uniform
image processing. The longitudinal and transverse
diameters of the hole measured 450 and 434 pym,
respectively. Figure 5(c) shows the optical image of
the hole bottom. Figure 5(d) shows the image pre-
sented in Fig. 5(c) after undergoing uniform image
processing. The longitudinal and transverse dia-
meters of the hole bottom measured 74 ym and
64 pm, respectively. Because the pig skin sample was
not transparent, irregular hole sidewalls also caused
varying amounts of scattering. Thus, optical images
taken at different focal planes exhibited differing
and unpredictable luminosity at the same level of

Fig. 4. Skin perforation by Er:YAG laser with energy of 350 mJ. Optical image of the (a) hole top and (c) hole bottom, (b) and (d)
are the post-processed images of (a) and (c), respectively. The red dashed ellipse indicates the estimated contour of the hole.
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Fig. 5. Skin perforation by Er:YAG laser with energy of 250 mJ. Optical image of the (a) hole top and (c¢) hole bottom, (b) and (d)
are the post-processed images of (a) and (c), respectively. The red dashed ellipse indicates the estimated contour of the hole.

illumination. However, this did not influence the  was approximately 150 ym. Optical images and hole
observations of hole size. sizes were recorded and measured at various focal

Figure 6 shows the perforation created using the  planes, with one image taken at 50-um intervals
laser with energy of 150 mJ. The depth of this hole  until the bottom was reached. Thus, a total of four

Fig. 6. Skin perforation by Er:YAG laser with energy of 150 mJ. Optical image of the (a) hole top and (c) hole bottom, (b) and (d)
are the post-processed images of (a) and (c), respectively. The red dashed ellipse indicates the estimated contour of the hole.
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images with accompanying data were obtained.
Figure 6(a) shows the optical image of a hole on
the skin surface. Figure 6(b) shows the image pre-
sented in Fig. 6(a) after undergoing uniform image
processing. The longitudinal and transverse dia-
meters measured 329 ym and 342 pm, respectively.
Figure 6(c) shows the optical image of the hole
bottom. Figure 6(d) shows the image presented in
Fig. 6(c) after undergoing uniform image processing,.
The longitudinal and transverse diameters of the hole
bottom measured 100 pym and 101 ym, respectively.
The pig skin surface was not completely flat and
contained slight deformations. The height of the
samples was manually adjusted in order to observe
the associated tilt and deformation. A comparison of
the clarity along various focal planes of each area
made it possible to record and later analyze the min-
imum and maximum deviations. Our results revealed
that the optical images in Figs. 46 possess errors in
height ranging between approximately 5% and 15%.

The diameter values measured at various depths
were reorganized to draw sectional views of the
holes, as shown in Fig. 7. Figure 7(a) shows the
transverse sectional view, and Fig. 7(b) shows
the longitudinal sectional view. Curves A, B, and C
in the figures represent the silhouettes of the holes
formed on the skin by the lasers with energy of 350,
250, and 150mJ, respectively. These two figures
show the dimensional relationships at various
depths for holes formed through irradiation using
varying laser energy. The hole depth was compar-
atively shallow under relatively low laser energy
(Curve C). The uneven tissue only posed little in-
fluence on the laser when it penetrated the skin.
Thus, the bottom of the hole it formed exhibited
excellent symmetry. This means that the transverse
and longitudinal sectional views were relatively
similar. However, this symmetry gradually declined
when the laser energy was increased (Curve B). The
amount of uneven tissue that the light was required
to penetrate also increased. Therefore, the shape of
the hole bottom became irregular. In addition, the
deeper region of the hole is distant from the DOF of
the focused laser. Thus, the nonlinearity of the en-
ergy declined, causing the hole to form the shape of
an upside-down avocado. Finally, when the laser
energy was further increased (Curve A), the shape
of the hole bottom became even more unpredict-
able. At this time, the capillary blood, nerves, and
receptors in the dermis damaged the uniformity of
the light, resulting in severe hole deformation.
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Fig. 7. (a) The transverse sectional view and (b) longitudinal
sectional view of the skin perforation for various laser perfo-
rating energies.

Figure 8 shows the relationship between hole
width and depth for various laser energies. We
measured the transverse and longitudinal diameters
of the holes at different depths and then used the
average value as the width value in Fig. 8. Curves
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Fig. 8. TIllustration of the hole width versus the hole depth for
various laser-perforating energies.
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A, B, and C represent lasers with energy of 350, 250,
and 150mJ, respectively. The data in Fig. 8 show
that the sizes of perforations on the skin surface
(depth of 0 ym) for Curves A and B did not differ
considerably. However, at a depth of 150 um, the
hole width of Curve B was approximately 114.5 um
less than that of Curve A. At a depth of 200 um, the
hole width of Curve B was approximately 124.5 um
less than that of Curve A. The sizes of perforations
on the skin surface in Curves B and C differed by
approximately 106.5 um. However, at a depth of
150 um, the hole width of Curve B was only 25 ym
greater than that of Curve C. These phenomena
facilitate the determination of appropriate laser en-
ergies for collecting blood from various types of skin.
In the past, smaller laser perforations, as represented
by Curve C, were considered superior (with suffi-
cient depth conditions) for reducing the long-term
pain and discomfort caused by regular blood
sampling (such as for diabetic patients). However,
excessively small perforations actually prevent suf-
ficient amounts of blood from being extracted
smoothly. Superior laser perforation should result in
larger holes on the skin surface, and smaller damage
area of capillary and nerve within the holes, as
demonstrated by the behavior of Curve B. Accord-
ingly, bleeding efficiency can be increased and pain
and discomfort reduced.

4. Conclusion

In this study, laser skin perforations were performed
on pig ear skin by using a focused Er:YAG laser at
three energy levels — 150, 250, and 350mJ. The
corresponding hole shapes were observed and ana-
lyzed. During the theoretical calculation, the spot
size and DOF of the focusing laser were approxi-
mately 12 and 26 um, respectively. An optical mi-
croscope equipped with a high-N.A objective lens
was used to perform optical sectioning. Cross-sec-
tional images of the holes were acquired using nu-
merical restructuring. The experimental results
showed that deep regions of the hole cross section
tended to be asymmetric because the complex skin
tissue gradually decreased the uniformity of the
laser energy. In addition, the increasing laser energy
unevenly expanded the size and depth of the hole
because the shallow DOF of the focusing light pri-
marily concentrated energy on the skin surface.
This uneven intensity distribution caused the

Accurate laser skin perforation technique

expansion speed of the hole to slow more in the deep
regions compared with the shallow regions. Fur-
thermore, we speculate that a focus lens with a
higher N.A. value can expand the speed difference.
Our findings indicate that accurate skin perforation,
allowing sufficient blood output and a minimal
amount of pain, can be achieved by selecting a
suitable light power and NA for the focus lens.
However, these parameters must be individually
adjusted according to the skin thickness of the
patient. The bio-optical exploration of laser skin
perforation behaviors presented in the current study
should provide valuable insight to the development
of this technology.
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