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Skin welding using pulsed laser radiation and a dye
Nathaniel M. Fried and Joseph T. Walsh, Jr.
Biomedical Engineering Department, Northwestern University, Evanston, IL 60208

ABSTRACT
Previous skin welding studies have used continuous wave (CW) delivery of radiation. However, heat diffusion during
irradiation prevents strong welds from being achieved without creating large zones of thermal damage to surrounding tissue.
This damage may prevent normal wound healing. Strong welds and minimal thermal damage can be achieved by introducing
a dye and delivering the radiation in a pulsed mode.
Two-cm-long, full-thickness incisions were made in guinea pig skin. India ink was used as an absorber, and egg white
albumin was used as an adhesive. A 5-mm-diameter spot of CW, I .06-pm Nd:YAG laser radiation was scanned over the weld
site, producing 1 00 millisecond pulses. The cooling time between scans and number of scans was varied. Thermal damage
zones were measured using a transmission polarizing microscope to identify birefringence changes in tissue. Tensile
strengths were measured using a tensiometer.
For pulsed welding and long cooling times, weld strengths of 2.4 kg/cm2 were measured, and thermal damage to the
epidermis was limited to 500 .tm. With CW welding, comparable weld strengths resulted in — 2700 pm of thermal
damage. CW laser radiation weld strengths were only 0.6 kg/cm2 when thermal damage in the epidermis was limited to — 500

tm.
Keywords: skin closure, infiared radiation, collagen denaturation

1. INTRODUCTION
Laser tissue welding has been investigated as an alternative means of skin closure. Possible advantages of skin welding
over conventional mechanical methods of tissue closure (e.g. sutures, staples) include decreased operative repair time,
accelerated wound healing, fluid-tight closure, reduced probability of infection, and improved cosmetic results.' Progress in
the field of laser skin closure has been slow due, in part, to the large number of parameters that need to be optimized in the
welding process. Past skin welding studies have also used a wide range of values for these parameters making the
interpretation of results and comparison between studies difficult. Table I reviews selected work in this field.28

The majority of previous skin welding studies have used a laser operated in CW mode.26 During CW welding, heat
diffuses from the weld site into the surrounding healthy tissue, resulting in a large zone of thermal damage. Previously
published results indicate that a zone of thermal damage greater than - 200 tm extending laterally from the weld site may
inhibit wound healing and result in scarring.91° For skin welding, excessive scarring may be clinically unacceptable even if
strong welds can be achieved. Pulsed delivery of radiation, with sufficient cooling time between pulses, may produce strong
welds and limit the thermal damage zone to the immediate area of the weld site.

2. MATERIALS AND METHODS
All experiments were performed in vitro using skin from adult albino guinea pigs. The dorsal skin was excised with a
scalpel and sectioned into samples measuring 3 x 3 cm. A 2-cm-long, full-thickness incision was made in each skin sample
with a #1 5 scalpel. Approximately 2-5 tl of India ink was then applied to the wound edges with a micropipette. A thin layer
of egg white was also applied as a temporary adhesive to the wound edges before closure.

Welding was performed with I .06 pm CW Nd:YAG laser radiation coupled into a 600 pm optical fiber for flexible
delivery. A 5-mm-diameter (FWHM) spot size with a Gaussian profile was maintained during the experiments. The power
was kept constant at 10 W 0.2 W for all experiments. The fiber was scanned over the weld site using a stepper-motor-driven
translation stage to simulate pulsed delivery of the radiation. A personal computer allowed programming of the scan velocity,
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cooling time between scans, and total number of scans. During welding, the velocity of the translator was kept constant at
47.6 mm/s, resulting in a pulse duration of — 1 00 milliseconds, for the fixed 5-mm-diameter laser spot size. The total energy
delivered to the weld site was controlled by varying the number of scans across the tissue.

The cooling time between laser pulses was varied to study the difference between CW and pulsed welding. Three
cooling times were selected: I .6, 4.0, and 8.0 seconds, representing welding with minimal cooling, intermediate cooling, and
long-duration cooling, respectively.

Upon completion of welding, the samples were then processed for either tensile strength measurements or histology.
Tensile strength measurements were performed using a tensiometer. Suture control studies were also performed. Either 1 , 3,
or 5 interrupted 5'O sutures were tied equidistant along the 2-cm-long incisions, and then pulled apart with the tensiometer.
Two suture strength values were recorded. The first value corresponded to when a hole could be seen in the tissue between the
suture apposition points and represented the degree of tissue apposition. The second value was taken at the point at which the
sutures failed.
The thermal damage zone near the weld site was quantified following standard histologic preparation of tissue samples. A

transmission polarizing microscope was then used to differentiate between healthy and thermally damaged tissue. The
boundary separating laser-denatured collagen from native collagen could be delineated based on the degree of birefringence of
the collagen. Thermal damage measurements were recorded at three different depths in the tissue, and measured laterally from
the center of the weld site. The measurements were made at the epidermis, middle of the dermis, and bottom of the dermis.

3. THEORY
A pulse duration of — 100 milliseconds was selected in this study based on heat transfer theory."2 An approximate
solution for the thermal relaxation time, 'rTh from the heat diffusion equation is given by Eq. (1).

d2

rTh

(1)

To limit heat diffusion from the weld site during the laser pulse, the pulse duration, t , must be on the order of, or less than,
the thermal relaxation time, where d is the desired width of thermal damage, and K is the thermal diffusivity ( IC —

cm2/s for skin). For our application, the

1

.3 x lO

100 ms pulse duration used in these experiments was expected to yield an

acceptable zone of thermal confinement of — 230 .tm.

The tissue also needs to cool down to room temperature between scans to prevent baseline temperature rises with
successive pulses. A conservative estimate for the time of temperature decay during the cooling phase, T is on the order of
50-100 times the thermal relaxation time.'3'4 By using suitably short pulses ('rfl < 'rTh ) with sufficient cooling between

pulses ( r > l°°rTh ), selective thermal damage to the weld site can be achieved without irreversibly damaging the tissue
adjacent to the weld.

Welding was performed with near-infrared radiation that penetrates deeply into skin, thus allowing the creation of
uniform, full-thickness welds. At these near-JR wavelengths, however, scattering of radiation dominates absorption.
Scattering of photons within the tissue can result in a significant decrease in penetration of the radiation and uniformity of the
heating at deeper tissue depths. By using a large diameter beam, the radiation penetrates to the deeper layers of the tissue,'5
the temperature distribution is more uniform, and the welds are stronger.

India ink was used in this study for several reasons. First, an external absorber of radiation is necessary to confine
absorption of radiation to the immediate area of the weld site. Second, India ink is a much stronger absorber than other dyes
used in welding. Third, unlike other welding dyes, India ink absorbs strongly over a wide range of visible and JR wavelengths.

Finally, India ink has a low toxicity when applied to skin, and is routinely used in the tattoo industry. The obvious
disadvantage of using India ink is that the dye permanently tattoos the skin, which prevents its use in cosmetic surgery.
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4. RESULTS
Weld strengths were recorded for three sets of cooling durations and four sets of total energy, as shown in Figure 1 . The
represent short, medium, and long-duration cooling between successive laser

cooling durations, r = I 6, 40, and 80 ,

pulses, respectively. For a fixed cooling time, the tensile strength ofthe weld increased with total energy delivered to the weld
site. The maximum weld strength was approximately 2.4 kg/cm2, obtained with a cooling time of 80 r,, and a total energy of
150 J. A delivery of 300 J of energy for all three cooling times produced similar strengths.

A control study was also completed to compare suture strengths with strengths obtained with our best laser welding
parameters. The results are shown in Figure 2. Tensile strength is plotted as a function of the number of interrupted sutures

used per 2-cm-long incision. The tensile strength of the sutures is very large, roughly 8-1 1 kg/cm2, but appears to be
independent of the number of sutures. The suture apposition strength is much smaller, but increases with the number of
sutures used to close the wound. All of the suture apposition strengths are below 2.0 kg/cm2. While laser welding is not
comparable to suture strengths, it is comparable to the tension at which tissue tears apart between suture points.

A study of thermal damage zones produced during quasi-continuous wave and pulsed welding was also performed. The
results are shown in Figure 3. Lateral thermal damage extending out from the weld site is plotted as a function of both total
energy delivered and the cooling time between pulses. Four sets of total energy and three sets of inter-pulse cooling times
were studied. Within each data set, thermal damage at the epidermis is greater than in the underlying dermal tissue. This is
most likely due to a gradient in temperature from the top surface of the skin to the bottom surface.

Increasing the cooling time between laser pulses also greatly redted the thermal damage at the weld site. For
comparable weld strengths of 2.0-2.4 kg/cm2, quasi-CW welding (1.6 seconds) produced a zone of lateral thermal damage of
roughly 2700 300 pm at the epidermis, while pulsed welding with a long cooling duration (8 seconds) produced only about
500 150 im of thermal damage.

5. DISCUSSION
Weld strengths of 2.4 kg/cm2 were measured using pulsed delivery of radiation. This is greater than weld strengths
measured in previous in vivo skin welding studies.28 The data also indicates that in vitro weld strengths are comparable with

the tissue apposition strengths achieved using sutures. Although it was not possible to use long-duration cooling to limit
thermal damage at the epidermis to a 200-jim zone, the middle and deeper layers of the dermis showed thermal damage zones
smaller than 200 pm in width. The thermal damage zone at the epidermis was also reduced significantly from 2700 xm to
500 m by replacing CW welding with pulsed welding and tong-duration cooling.
In summary, it is pos'ible to obtain strong welds and minimize thermal damage by delivering radiation in a pulsed mode
and allowing sufficient cu ;ling time between pulses. A dye is also necessary to limit radiation absorption and the ensuing
thermal damage to only the immediate area of the weld site. The present in vitro studies suggest that pulsed welding may
provide better wound healing and cosmetic results than welding with a continuous wave laser.
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V
Figure 3. A sequence of images showing creation and growth of a

vapor bubble after a Holmium laser pulse.

After the laser pulse has ended the bubble continues to grow until the pressure in the bubble is that low that it
starts to iniplode. The mechanical force of the explosive growth of the bubble causes the tissue in its way to
deform and rupture, which can be employed for cutting if the tissue is elastic or soft. During implosion the
accelerated liquid forms jets and potentially shock waves capable of breaking hard tissues (lithotripsy), as shown
in Figure 4, where a cystine stone is irradiated with a 1-lolmiuni laser fiber under water.

.
Figure 4. Creation and growth of a vapor bubble on a cystine stone

during and after Holmium laser irradiation

After the implosion of the vapor bubble, the condensation heat is released to the surrounding fluid and tissue
which is thus heated. In fluid, effective cooling occurs due to turbulence induced by the bubble implosion itself,
hut in tissue the temperature increase can be substantially resulting either in tissue coagulation or ablation.
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3.2 Laser lithotripsy in the ureter
Through a channel in the PAA gel a cstine stone was irradiated resembling the situation in the ureter during
laser lithotripsy. The distance between the stone was varied between 0 and 2 mm. the pulse energy from 0.5 to
I .() J and the repetition rate from 5 to 10 Hz. When the fiber was placed against the stone surface, hardly ally
heating of surrounding fluid or gel could be observed. But when the fiber was placed 2 mm away from the stone
surice. substantial heating of the ureter wall (gel) occurred. Figure 5 shows four thermal images with the fiber at
2 mm distance from the stone surface. Increasing the pulse energy from 0.5 J to 1 .0 J and/or repetition rate from 5
to 10 Hz hardly contributed to the fragmentation efficiency, but induced a significant temperature increase at the
ureter (gel) wall. The heat generated at the ureter wall in Figure 5D reaches well over 60 °C.

Figure 5. Thermal images of induced thermal effect in the ureter wall
(gel wall) when the fiber is at 2 mm over the stone.

3.3 Laser prostatectomy
Tile laser fiber was translated over the gel at 4 mm/s. Thermal images were taken at pulse energies of 1 .0 J at
different repetition rates. Figure 6 shows the effect of a repetition rate of 8 Hz and 40 Hz on the heat distribution
generated inside the gel. The images were captured 10 seconds after the fiber started both moving and firing, so
possible startup effects are negligible. The thermal effect at 40 Hz extends about twice as far into the tissue, and
the tail of the heat distribution is much longer, than at 8 Hz. In both cases tissue is ablated.

Figure 6. Thermal image of a fiber scanning over the tissue surface.
Laser settings: A 1.0 .J / 8 Hz, B 1.0 J / 40 Hz

114
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 17 Sep 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Table I Selected publications on laser skin closure.
Author:
Publication Date:
Animal Model:

Garden23

Laser:

CO2

1986
minipig

Abergel4
1986

Dews

Wjj

DeCosie7

1991

1991

1992

1996

mouse
Nd:YAG

pig

rat

guinea pig

pig

Nd:YAG

GaAIAs diodel
Argon

Alexandrite

Nd:YAG

Arson, CO
Wavelength4tm):

10.6

Mode:

CW

1.32
1.06,1.32,
.488/515, 10.6
CW
CW

.808,488/515 .780

1.32

CW

CW

Pulse Duration:
Repetition Rate:
Power(W):
Spot Diameter (mm):

1.0
0.8
200
NA
5
None

<2

Forceps

NA

Sutures
Tape
1.0

Thermal Damage (tim): > 600 im

NA

Wound Healing (Days): 90

56

liTadiance (W/cm2)

Operation Time (sec.):
Tncision Length (cm):
Dye:
Dye Conc. (mg/mI):
Adhesive:
Immediate Weld
Strength (kg/cm2):

0.5
0.8-1.0
64-100
95

2.5
None

Sutures
Staples
1.1 - 2.2

NA
NA
NA
9

Popp

0.3/0.15
2.0
10/5

PUlsed

250 usec.
8 Hz
0.13-2.50

3

4.0

1.0

375

1-20

NA
60
3
1.5
ICG/Fluorescein ICG
0.02/1.0
0.03-3
Fibrinogen
Forceps

20

0.25-.50
(<70 grams)

.15-30

NA

NA
4.7(5 days)
NA

500 tm

700 tm-

600

28

humediate

None

2
None
Albumin
Suture

2.3 mm

4

3.5

3

E

2.5
4)

2

(I)
4)
0) 1.5
C

I-4)

0.5

60

90

150

300

Total Energy (J)
Fig. 1 Tensile strength of laser welds plotted as a function of total energy and cooling time between
pulses. The bars represent mean values the S.D., calculated from a minimum of 7 samples per a set.
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4. DISCUSSION
Fast flash photography reveaJed the formation of a large bubble that well exceeds the optical penetration depth of
the Holmium laser light. The vapor bubble is created immediately after the beginning of the laser pulse, enabling
the remaining energy of the pulse to penetrate through the bubble into deeper layers of fluid (the Moses effect'8);
it may therefore also affect tissue that seems out of reach when only the optical penetration depth of 0.5 mm is
taken into account. Investigation of the bubble size in relation to pulse energy9 showed that the length of the
bubble in front of the fiber can protrude up to 15 mm into the (tissue)water, when the pulse energy was set to 4 J.
Up to this distance tissue within the range of the bubble can be affected. On the other hand, by varying the layer
of water between fiber tip and target tissue. the energy dose can be regulated without changing settings on the

laser itself: of course, the range is limited by the maximum bubble diameter. Therefore, when performing a
clinical procedure, the surgeon should be aware of the size of the vapor bubble in relation to the distance with the
tissue for a safe and an optimal use of the mechanical and thermal properties of the Holmium laser.
Depending on pulse energy, the generated vapor bubble implodes between 500 to 1000 .ts after the start ofthe
laser pulse. Grimbergen et al.9 showed that during this implosion the mechanical effects on hard and soft tissue

surfaces arc remarkably different. In case of soft tissue, the tissue surface was attracted towards the fiber tip
(Figure 7. left) while in case of hard tissue the bubble detached from the fiber tip and the implosion was
concentrated at the hard tissue surface (Figure 7. right). Soft tissue easily deforms under these pressures and will
deform towards the implosion center. If the tissue has a high enough elasticity it will return to its original shape
after the implosion. However, soft tissues with a weaker structure will be fractured into small pieces and
detached from the underlying structure.

r

Figure 7. Mechanical tissue effects during bubble implosion near a soft
(left) and hard (right) tissue surface.
Lithotripsy in urology is a typical hard tissue application, where the objective is the breaking of the stone. These
stones are typically located in the bladder and the ureter. The stone should be located within the range of the
vaporized tissue area while the walls of either the bladder or ureter are outside this range. The surface of the
stone itself will be ablated together with the surrounding liquid. The implosion of the vapor bubble toward the
stone surface will contribute to the breaking of the stone. The recommended pulse energies would be 0.5 - I J. At
higher energies the expanding bubble (diameter over 4 mm) would for instance dilate the ureter resulting in
adverse mechanical effects. The pulse should be applied in short bursts of a few pulses to prevent accumulation
of heat in the ureter wall. The situation in the bladder is less critical.
Prostatectomy is a soft tissue application that recently has gained interest as an area where the Holmium laser can
be used. The objective here is resecting as much tissue as possible while avoiding bleedings. Gilling et al.'°
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Fig. 2 Tensile strength of sutured wounds as a function of the number of sutures used to close the
wounds. Left bar in each column represents value at which sutures failed. Middle bar represents value at
which the tissue breaks open between suture points. Right bar is the maximum strength achieved with
laser welding and no sutures. The bars signify mean values the S.D., calculated from a minimum of 4
samples per a set.
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described a technique where the characteristics of the Holmium laser can optimally used. First resections are
performed by bilateral incision of the bladder neck over the whole length of the prostate. A transverse incision
will then be performed connecting these two incisions; the bladder neck is then undermined and detached into the
bladder. The lateral lobes are to be treated in the same manner. Although most surgeons would use as high pulse
energies and repetition rates as possible, to shorten e.g. the operation time, a pulse energy up to 1 .0 J seems to be
sufficient. Higher pulse energies make the cutting process less controlled due to heavy vibrating of the fiber tip
and shorten the lifetime of the fiber as silica pieces break off easily at the fiber's distal end. To obtain sufficient
hemostasis a high repetition rate is recommended (20-40 Hz).

5. CONCLUSION
The fast phenomena, i.e., formation, expansion and implosion of a vapor bubble, which occur during and
immediately after a Holmium laser pulse determine the nature and extent of the induced tissue effect and damage.
When treating either soft tissue (prostatectomy) or hard tissue (lithotripsy) the surgeon should be aware of the
dimensions of the vapor bubble in relation to pulse energy, repetition rate and distance of the fiber to the tissue,
to achieve a safe and optimal application ofthe Holmium laser.
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