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Laser tissue welding and soldering with use of short laser pulses are proposed. The transient

radiation heat transfer in the picosecond time scale is numerically investigated for the first

time using the discrete ordinate method for cylindrical geometries. The numerical method

developed incorporates the propagation of radiation with the speed of light. The temporal

radiation fields of tissue cylinders under the irradiation of short laser pulses are obtained.

The use of short laser pulses for tissue welding and soldering is found to have reduced

thermal damage to the healthy tissue and improves the uniformity of heating in the tissue

closure region in both the depth and radial directions. The addition of absorbing solders in

tissue soldering results in a well-confined radiation energy deposition field in the proximity

of the solder-stained region and lessens the outgoing radiative heat flux at the laser incident

surface. Comparisons of radiation heat transfer are made between the spatially square-

variance and Gaussian-variance laser inputs and between the temporally Gaussian-profile

and skewed-profile pulses, respectively.

1. INTRODUCTION

The study of short-pulsed laser radiation transport and ultrafast matter–
radiation interactions is of great scientific and technological significance and is
attracting increasing attention in recent years. Ultrafast radiation transfer is usually
accompanied by the use of short-pulsed lasers. Ultrafast lasers with pulse width in
the range from picoseconds down to femtoseconds can be used in a wide spectrum of
emerging technologies, such as in optical tomography [1, 2], laser ablation [3, 4],
laser material processing of microstructures [5, 6], and nanophotonics and nano-
technology [7–9], to name a few. Due to the very short time duration of the radia-
tion–matter interaction and transport processes, many new phenomena occur. For
example, our previous studies [10–12] have shown that inclusion of the time
derivative term in the equation of radiation transfer (ERT) brings many new fea-
tures. Here the concept of ultrafast radiation transfer is introduced in order to
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differentiate it from conventional transient radiation transfer in that only the time
dependence of boundary conditions is considered, but the ERT is still stationary. In
ultrafast radiation transfer, the governing equation is time-dependent and radiation
propagates with the speed of light that is ultrafast. We have found that, when the
pulse width of an incident laser is less than or comparable to the order of the
characteristic time scale for radiation propagation defined by tc ¼ Lc=c (Lc is
the characteristic length), the ultrafast radiation transfer phenomenon occurs.

Solutions of the transient ERT in one-dimensional geometry for the case of
short-pulse laser incidence have been reported in the literature [11, 13, 14].
Approaches that have extended to two-dimensional geometries include the first-or-
der spherical harmonic (P1) approximation [15], the discrete ordinate method [12],
and the integral formulation [16]. However, the P1 model underestimates the speed
of light propagation [14] and the integral approach is difficult to apply to complex
geometries. Recently, we have extended the discrete ordinate method to three-
dimensional geometries in the Cartesian coordinate system [17, 18]. Monte Carlo
simulation and experimental work have also been conducted [19]. There exists no
published numerical method for ultrafast laser radiation transfer for curvilinear
geometric problems.

The objective of the present investigation is twofold: (1) to develop the discrete
ordinate method (DOM) for ultrafast radiation transfer in the cylindrical coordinate
system; and (2) to study the characteristics of transient radiation heat transfer in tissue
welding and soldering with the use of ultrafast lasers. The DOM for solving the
steady-state ERT for cylindrical geometries is available in the literature [20, 21].

Laser welding of tissues is a surgical technique for bonding of tissues by using a
laser beam to activate photothermal bonds and/or photochemical bonds. This
method is potentially more advantageous than the conventional suturing technique
because it is a noncontact method, which does not introduce foreign materials, and it
is capable of forming an immediate watertight seal. For over 25 years, laser tissue
welding has been studied as an alternative tool for tissue closure [22]. Typical tissue

NOMENCLATURE

c speed of light

D diameter

H depth

I radiation intensity

M number of angular discretization

n refractive index

r position vector

R radial direction

S source term

t time

tp pulse width

V volume

w angular weight

Z axial direction

y azimuthal angle

m;Z; x directional cosines

r reflectivity

sa absorption coefficient

se extinction coefficient

ss scattering coefficient

f circumferential angle

o scattering albedo

Subscripts

b blackbody value

d downstream

p control volume index

u upstream

w wall

Superscripts

d diffuse

l discrete direction index

s specular
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closure methods include sutures, clips, or staples. Sutures create a scar during pas-
sage of the needle and tying the knot. This tissue scar and foreign body reaction can
lead to inflammation, stenosis, and granuloma formation [23]. Unlike handcrafted
sutures, clips and staples have limited range of adaptability in the face of different
conditions such as tissue friability and thickness. Furthermore, these traditional
methods are hardly applicable to tissue closure in microsurgery such as vascular
anastomosis, closure of nerves, and uterine horn.

Laser tissue welding can be augmented with the use of solders. The solders can
include chromophores that are used to control the laser penetration such that it is
concentrated at the fusion site. Since extrinsic chromophores are not limited to the
absorption characteristics of native tissue or body fluids, the solders may be tailored
to selectively absorb energy that passes through normal tissue. The solders can also
include other biochemical constituents to improve the weld strength and/or weld
leakage characteristics. Typical additives include native collagen, gelatinous col-
lagen, fibrin, elastin, and albumin.

Suitable lasers deliver wavelengths that are highly absorbed either by water or
by the tissue’s natural chromophores [24]. For example, argon lasers (488 and
514 nm) and KTP lasers (532 nm) are used with hemoglobin [25], Nd:YAG (1.064
and 1.320 mm) and CO2 (10.6 mm) lasers are used with water [26]. Endogenous and
exogenous materials such as indocyanine green (ICG) are often added to solders to
enhance light absorption. ICG dye has a maximum absorption coefficient at 805 nm.
Independent of the choice of chromophore, more energy is generally absorbed near
the upper portion of the solder, closer to the laser spot. A temperature gradient is
established over the depth of the solder. Depending on the temperature gradient and
the laser exposure, the upper portion of the solder can become overcoagulated, while
the most critical region, the solder/tissue interface, does not get fully coagulated.
Such undercoagulated solder has been shown to create unstable bonds with tissue
[27]. Hence, the clinical use of laser welding and soldering has been hindered [22]
because of unreliable fusion strength, excessive thermal damage of tissue, nonuni-
form heating, etc.

Here we propose a new method for laser welding and/or soldering with short
laser pulses as the irradiation source. When short laser pulses are used, the thermal
diffusion to surrounding healthy tissues may be negligible and the thermal affected
region is expected to be focused on the cutting and/or solder region. The possible
advantages associated with the use of ultrafast lasers are the reduction of thermal
damage, the improvement of heating uniformity, etc. A literature survey shows that
such a study is novel.

In this article, we focus on the development of the discrete ordinate method for
solving the ultrafast radiation heat transfer in cylindrical geometries. We use the
numerical method developed to investigate the characteristics of time-dependent
radiation heat transfer in ultrafast laser tissue welding and/or soldering.

2. MATHEMATICAL MODEL

Consider a collimated short laser pulse incident upon a biological tissue
cylinder as shown in Figure 1. The ultrafast radiation heat transfer is described by
the time-dependent ERT in the cylindrical coordinate system as
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where m, Z, and x are the three directional cosines for the discrete direction ŝsl (the
superscript l is the index of discrete directions), I is the radiation intensity, se is the
extinction coefficient that is the sum of the absorption coefficient sa and the scat-
tering coefficient ss, c is the speed of light in tissue, t is the time, and Sl is the source
term that consists of three components:

Sl ¼ ð1� oÞIlb þ
o
4p

XM
i¼1

wiFilI i þ Sl
c l ¼ 1; 2; . . . ;M ð2Þ

The first term on the right-hand side in Eq. (2) accounts for the blackbody emission
of the tissue with human body temperature. The second term is the ‘‘in-scattering’’
contribution, in which, o ¼ ss=se is the scattering albedo, FðŝsI ! ŝslÞ is the scat-
tering phase function, and wi ði ¼ 1; 2; . . . ;MÞ is the appropriate angular weight in
the discrete direction ŝsi. The last term in Eq. (2) is the external laser irradiation and
can be expressed as

Sl
c ¼

o
4p

Icðmcml þ ZcZl þ xcxlÞ ð3Þ

where the unit vector of ðmc;Zc; xcÞ represents the collimated laser incident direction.

Figure 1. Geometric and coordinate sketches of laser welding and soldering in a tissue cylinder.
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For a pulse input that has a Gaussian profile in both spatial and temporal
domains, the collimated laser radiation intensity at any location and time can be
expressed as

IcðR;Z; tÞ ¼ I0 exp �4 ln 2� ðt� Z=cÞ
ðtp � 2Þ

� �2( )
� exp

 
� R2

v2

!
� expð�seZÞ ð4Þ

In which tp is the pulse width that is the full width at half-maximum (FWHM), v2=2
is the spatial variance of the Gaussian incident beam, and I0 is the maximum laser
incident intensity. For a skewed-profile pulse in the temporal domain, it is composed
of two different Gaussian profiles:

IcðR;Z; tÞ ¼ I0 exp �4 ln 2� ðt� Z=cÞ
ðtp � 2Þ

� �2( )

� expð�R2=v2Þ � expð�seZÞ for t � tp ð5aÞ

IcðR;Z; tÞ ¼ I0 exp �4 ln 2� ðt� Z=cÞ
ð2tp � 2=3Þ

� �2( )

� exp

 
� R2

v2

!
� expð�seZÞ for t > tp ð5bÞ

The laser intensity in the skewed pulse increases steeply until t ¼ tp and then
decreases gradually. So, this profile is skewed to the left side. In this research, we
specify I0 ¼ 0:46 and consider a pulse duration from t¼ 0 to 4tp. In most of the
present calculations we basically used a spatially square-variance pulse input, in
which the intensity is uniformly spread over the laser beam.

In ultrafast laser radiation heat transfer, the blackbody emission of the par-
ticipating medium is negligible. Such neglect does not introduce any appreciable
error because: (1) the monochromatic laser intensity is much stronger than the
blackbody emission of the medium; and (2) the laser pulse is extremely short, such
that the thermal diffusion and temperature change in a short time are negligible.

There are two types of radiation boundary conditions in laser tissue welding or
soldering. The first type is the tissue–air interface. The second type is the interface
between healthy tissue and welding zone tissue. Specifically for Figure 1, all surfaces
except the laser incident one are considered as the second type of boundary, in which
the reflection of radiation is diffuse. Since biological tissues are highly scattering,
laser radiation photons reaching these second-type boundaries have undergone
multiple scattering events and the possibilities of photons passing through the
boundary or reflecting back are equal. Thus, we specify a diffuse reflectivity of 0.5 at
the second-type boundaries.

At the first-type interface, Fresnel reflection must be considered because of the
mismatch of refractive indices between the tissue and air. This interface reflects and
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refracts incident radiation. The refraction and reflection obey Snell’s law and the
Fresnel equation, respectively. Because the refractive index of tissue is greater than
that of air, total reflection occurs when the incident angle yi of an internal radiation
is not less than the critical angle ycr ¼ sin�1ðnair=nTissueÞ. When yi < ycr, the
reflectivity is calculated by the Fresnel equation:

rs ¼ 1

2

tan2ðyi � yrÞ
tan2ðyi þ yrÞ

�
þ sin2ðyi � yrÞ
sin2ðyi þ yrÞ

#
ð6Þ

where yr is the refraction angle predicted by Snell’s law. Under Fresnel boundary
condition, the reflection is specular and the specular intensity is

Ilw ¼ ð1� rslwÞIbw þ rslwI
�l ð7Þ

For diffusely reflecting boundaries (at R=D=2 or Z¼H ), the boundary
radiation intensity (e.g., at Z¼H ) is

Iw ¼ ð1� rdwÞIbw þ rdw
p

XM=2

xl<0

wlIl xl
�� �� ð8Þ

where rdw is the diffuse reflectivity of the surface. No real surface exists at R ¼ D=2.
There are surrounding healthy tissues beyond that surface and radiation heat
transfer there is negligible because we mainly care about the heat transfer in the
proximity of tissue closure region.

Along the centerline (at R¼ 0) of the tissue cylinder, an axisymmetric condition
is applied.

3. NUMERICAL SCHEME

The DOM in our approach follows the SN approximation [28]. A quadrature
set of M ¼ N Nþ 2ð Þ discrete ordinates is used for the SN method. In the present
study, we basically used an S10 scheme [29], and no difference exists in the selection
of quadrature scheme between curvilinear and rectangular geometries.

To solve Eq. (1), the finite-volume approach [28] is employed. The tissue
cylinder is divided into numerous finite volumes. The discretized form of Eq. (1) in
a cylindrical finite volume is

V

cDt
ðI lp � Il0p Þ þ m l

�� ��ðARdI
l
Rd � ARuI

l
RuÞ � ðARd � ARuÞ

apþ1=2I
l
pþ1=2 � ap�1=2I

l
p�1=2

wp

 !

þ x l
�� ��ðBZdI

l
Zd � BZuI

l
ZuÞ ¼ sePVð�I lp þ Sl

pÞ ð9Þ

in which a direct-differencing technique [30] was used for the angular direction and a
relationship exists [20, 21]:

apþ1=2 � ap�1=2 ¼ wpmp ð10Þ
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The subscripts d, u, and p stand for downstream, upstream, and the finite-volume
center, respectively. The diamond scheme is used to relate the up- and downstream
intensities in a finite-volume cell. The final discretization equation for the cell
intensity in a generalized form is

I lp ¼
1=cDtð ÞIl0p þ seS

l
p þ A=Vð Þ mp

�� ��I lru þ bp
�� ��=V� �

I lp�1=2 þ B=Vð Þ xp
�� ��I lzu

1=cDtð Þ þ se þ A=Vð Þ mp
�� ��þ bp

�� ��=V� �
þ B=Vð Þ xp

�� �� ð11Þ

where

A ¼ ARu þ ARd ¼ 2Rp DfDZ ð12aÞ

bp ¼
ðARu � ARdÞðapþ1=2 þ apþ1=2Þ

wp
ð12bÞ

B ¼ BZu þ BZd ¼ 2Rp DRDf ð12cÞ

V ¼ Rp DfDRDZ ð12d Þ

Here, Dt is the time step, DR and DZ are the spatial steps in the radial and axial
directions, respectively, and Df is the step change in the angular direction.

Uniform grid sizes in time, space, and angle domains were adopted in the
present calculations. The staggered (R;f;Z) grid size was 42662622 for a typical
tissue cylinder with D¼ 10 mm and H¼ 2 mm. The time step for this typical tissue
cylinder was Dt¼ 0.5 ps. We used a Dell PC with 512 MB of memory for the cal-
culations. For an S10 numerical scheme, there are 120 ERTs to be solved simulta-
neously. Thus, we could not further refine the grid size because of computer memory
limitation. However, the calculations were compared among several sets of grid size
and the outcome was satisfactory.

In order to examine our numerical algorithm, we applied the transient DOM to
solve a steady-state radiation heat transfer problem in a cylindrical furnace and
compared our numerical results with the published experimental measurement. The
cylindrical furnace, of diameter 0.90 m, is 5.1 m long. Its temperature field is given
elsewhere [21]. The radiative heat flux at the furnace side wall was measured
experimentally by Wu and Fricker [31]. Figure 2 shows the comparisons between the
experimental measurement and our numerical predictions using the S4 and S10

schemes. It is observed that the predicted wall heat flux profiles are consistent with
the experimental data. In particular, the S10 result matches the measurement closely.

4. RESULTS AND DISCUSSION

Now the transient DOM in cylindrical coordinates is used to study radiation
heat transfer in ultrafast laser tissue welding and/or soldering. The general dimen-
sions of the tissue cylinder are D¼ 10 mm and H¼ 2 mm. The optical properties of
the tissue are sa ¼ 0:001mm�1 and ss ¼ 1:00mm�1. Here the reduced scattering
coefficient of general biological tissue is used. Thus, anisotropic scattering is reduced
to isotropic scattering. However, the present algorithm can treat anisotropy of
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scattering. When laser soldering is involved, 6:5 mM ICG is spread uniformly in the
dye column, which is 0.5 mm in diameter as shown in Figure 1. The absorption
coefficient of the ICG dye solder is sa ¼ 0:17mm�1 [32]. We still assume
ss ¼ 1:00mm�1 in the solder column. Uniform finite-volume meshes are adopted
with DR ¼ 0:125mm;DZ ¼ 0:1mm, and Df ¼ 6�. The time resolution is Dt ¼ 0:5 ps.
The refractive index of the biological tissue is assumed to be 1.4. A short laser pulse
is normally incident from the center of the tissue surface at Z¼ 0. The beam diameter
and pulse width of the incident laser are dc ¼ 0.88 mm and tp¼ 10 ps, respectively.

Figure 3 compares the temporal profiles of the divergence of radiative heat flux
at different axial locations along the centerline of the cylinder for both the laser
welding (without use of dye) and the laser soldering (with use of the ICG dye). The
divergence of radiative heat flux represents the absorbed or deposited volumetric
laser energy in the medium. The incident laser pulse was spatially flat, i.e., square-
variance over the beam diameter. Three axial locations were selected, at the laser
incident spot (Z/H¼ 0), at the midplane of the tissue (Z=H¼ 0.5), and at the exit of
the laser pulse (Z/H¼ 1.0). At any location, the absorbed radiation energy is found
to increase rapidly to the maximum value with the input of a short laser pulse and
then to decrease exponentially. Initially there is a very intense energy deposition at
the location close to the laser incident spot (Z/H¼ 0). For t> 4tp¼ 40 ps, the
radiation energy deposition is even lower in the proximity of the laser incident spot

Figure 2. Comparison of surface radiative heat flux in an example cylindrical furnace between experi-

mental measurement [31] and numerical predictions.
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than at other axial locations because the irradiation of incident pulse ends at 4tp.
This is different from continuous wave (CW) laser welding or soldering, in which the
radiation energy deposition in the proximity of the incident spot is always the
strongest. This unique feature of the proposed ultrafast laser tissue welding and
soldering is of great significance because it suggests that overcoagulation in the
closure tissue surface owing to larger energy deposition in the proximity of the laser
spot can be avoided.

The temporal variations under the welding condition in Figure 3 are very
similar to those under the soldering condition except for the magnitude of the values
of the divergence of radiative heat flux. The radiation energy deposition is almost
two orders of magnitude larger in the laser soldering than in the laser welding. This is
because of the addition of relatively strongly absorbing dye in the fusion region in
the laser soldering.

Figure 4 shows the profiles of the net outgoing radiative heat flux along the
laser–tissue interface at different time instants. Comparison is made between the
laser welding and soldering. The use of solder diminishes the outgoing surface
radiative heat flux because of the enhancement of laser energy absorption inside the
fusion region. Particularly in the region (e.g., R< 1 mm) close to the solder-stained
region (R< 0.25 mm), the reduction of outgoing surface heat flux is substantial.
Also, it is noticed that the use of solder improves the uniformity of the radiative heat
flux profile along the tissue–air surface. At the early time stage, the outgoing

Figure 3. Temporal profiles of the divergence of radiative heat flux at three locations in the cylindrical

centerline for both the laser tissue welding and soldering.
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radiation is focused on the center of the surface (i.e., around R¼ 0). With the
advance of time, it is seen that the profiles of radiative heat flux become flatter. A
flatter profile may help improve the formation of tissue closure scar. For CW laser
welding or soldering, however, a steady gradient variation always exists in the
profiles.

The profiles of the divergence of radiative heat flux along the centerline of the
tissue cylinder are compared between the laser welding and soldering in Figure 5. As
far as the relative shape of the energy absorption profile is concerned, no obvious
difference is found between the results of the two different laser closure conditions.
Again, the magnitude of the absolute value of the energy deposition is very different.
The radiation energy absorption under the soldering condition is about two orders of
magnitude larger than that under the welding condition. The profiles become flatter
as time elapses. This may lead to uniform heating throughout the depth direction
when short pulses are deployed for laser welding and soldering. It may improve the
mechanical strength of the closure.

The contour plots of the divergence of radiative heat flux at the R–Z half-plane
are displayed in Figures 6 and 7 (color figures are available at http://coewww.
rutgers.edu/radiation/publications.html) for laser welding and soldering conditions,
respectively. Six time instants (t¼ 20, 30, 40, 50, 60, and 100 ps) were selected for
comparison. As time advances, the radiation field propagates from the incident laser

Figure 4. Comparison of radiative heat flux profiles on the laser incident surface between the laser welding

and soldering for different time instants.
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spot to most of the area of the cylinder. At the early time stages (t< 50 ps), the wave
propagation phenomenon is very obvious. Such a phenomenon could not be
visualized if the time derivative term in the ERT were neglected, nor could it be
correctly predicted if a diffusion approximation that is commonly adopted in bio-
medical engineering field [2] were adopted. After t> 50 ps, the radiation transport
gradually becomes diffused. A diffusion field clearly exists at t¼ 100 ps. The char-
acteristic time scale for radiation propagation is tc ¼ H=c � 10 ps in the present
study system, and the pulse width of the irradiation is also tp ¼ 10 ps. In general,
when tp is less than or comparable to tc, the time derivative term in the ERT (or, say,
ultrafast radiation transfer) must be incorporated. After time reaches to t¼ 10tc, the
radiation propagates diffusely. These findings are consistent with our previous re-
search [11, 19].

It is clear that the radiation field in Figure 6 under the laser welding condition
is diffusing from the centerline to the surrounding tissue region with the advance of
time, whereas the radiation field in Figure 7 under the laser soldering condition is
well confined in the absorbing solder-sustained region. Thus, thermal damage to the
surrounding healthy tissue is a concern in clinical laser tissue welding and it can be
quantitatively justified using a radiation heat transfer model in conjunction with heat
conduction. On the other hand, the very strong radiation energy deposition in the
solder-stained region in the laser tissue soldering may cause overcoagulation in the

Figure 5. Profiles of the divergence of radiative heat flux along the centerline for various time instants for

both the laser welding and soldering.
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lower portion of the solder that is close to the laser incident spot. However, it is seen
from Figure 7 that the peak energy deposition is shifting to the upper portion of the
solder with the increase of time. Such a feature is unique with ultrafast laser sol-
dering, and it may lessen the overcoagulation phenomenon. A model-based optimal
design of an ultrafast laser soldering system may make a breakthrough in laser tissue
soldering technology and enable its clinical application. This will be our work in the
near future. In Figure 7, the region at R> 2 mm has been cut in order to enhance the
view of the radiation field in the solder-sustained region.

In the above laser tissue welding and soldering studies, spatially square-var-
iance laser pulses were employed. To investigate the effect of the spatial variance of
the laser beam, both square-variance and Gaussian-variance beams with a beam
diameter of 0.88 mm are used as the irradiation source. The profiles of the diver-

Figure 6. Contours of divergence of radiative heat flux at various time instants for laser welding: (a)

t¼ 20 ps; (b) t¼ 30 ps; (c) t¼ 40 ps; (d) t¼ 50 ps; (e) t¼ 60 ps; ( f ) t¼ 100 ps.
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gence of radiative heat flux along the radial direction at a specified axial location (Z/
H¼ 0.5) are compared between the square-variance beam and the Gaussian beam in
Figure 8 under the laser welding condition. Although the incident radiation intensity
is spatially uniform over the range of the beam under the spatially flat laser beam
condition, there exists a gradient of the divergence of radiative heat flux along the
radial direction. Of course, the gradient for the square-variance beam input is
smaller than that for the Gaussian beam input. Clearly the square-variance beam can
improve the uniform heating condition in the radial direction in laser tissue welding.

Figure 9 exhibits the temporal profiles of the divergences of radiative heat flux
in tissue welding under the laser irradiations of temporally Gaussian and skewed
pulses. Three different axial locations in the cylinder centerline are chosen for

Figure 7. Contours of divergence of radiative heat flux at various time instants for laser soldering: (a)

t¼ 20 ps; (b) t¼ 30 ps; (c) t¼ 40 ps; (d) t¼ 50 ps; (e) t¼ 60 ps; ( f ) t¼ 100 ps.
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comparison. Although the two pulses have the same pulse width (tp¼ 10 ps) and the
same time duration of irradiation (starts at t¼ 0 and ends at 4tp), the peak times of
these two pulses are different. For the skewed-profile pulse the peak intensity is at
t¼ 10 ps, while for the Gaussian-profile pulse it is at t¼ 20 ps. It is observed from
Figure 9 that the radiation energy deposition rises faster for the skewed pulse than
for the Gaussian pulse. The difference in response time is about 10 ps. Except for
that, the temporal shapes of the absorbed radiation energy for these two input pulses
are quite similar. A skewed pulse may describe the temporal profiles of incident laser
pulses more realistically.

In the above calculations, we considered a 2-mm-thick tissue cylinder with a
diameter of 10 mm. The value of tissue cylinder diameter was selected such that the
radiation field region of interest would not be obviously affected by the cylinder wall
boundary condition. The results in Figures 6 and 7 have shown that the radiation
fields region of interest (e.g., R< 3 mm) within the time period of interest (e.g.,
t< 100 ps) is not influenced by the specific diameter value. The choice of cylinder
depth value depends on specific tissue closure conditions. Figure 10 illustrates the
profiles of the divergence of radiative heat flux along the centerline for tissue welding
of different values of tissue thickness with H¼ 2, 4, and 6 mm. At t¼ 30 ps, the
profiles for the three selected tissue depths nearly overlap. As time elapses, the

Figure 8. Influence of the spatial profile of incident laser pulse on the divergence of radiative heat flux

along the radial direction at Z/H¼ 0.5 for laser welding.
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difference becomes obvious, particularly at the laser exit end. However, it is still not
very appreciable except for the case at t¼ 100 ps, where, however, the magnitude of
the divergence of radiative heat flux is very small. For thicker tissue closure (e.g.,
H¼ 6 mm), a steep declination of the divergence of radiative heat flux exists at the
laser exit end, and this may result in undercoagulation.

5. CONCLUSIONS

We proposed an ultrafast laser tissue welding and soldering method with the
use of picosecond laser pulses as the irradiation source. The aim is to diminish the
thermal diffusion and damage associated with conventional CW or relatively long-
pulsed laser tissue welding and soldering. The discrete ordinate method for ultrafast
radiation transfer in cylindrical geometries has been developed. The numerical
method has been compared with the published experimental measurement in an
example problem. The characteristics of ultrafast laser radiation heat transfer in
tissue welding and soldering have been intensively investigated. The time-resolved as
well as the spatially resolved radiation heat transfer information has been obtained.
It has been found that the laser energy deposition in the proximity of the laser
incident spot decreases rapidly immediately after the incidence of a short laser pulse.

Figure 9. Comparison of temporal divergence of radiative heat flux at different axial locations in the

centerline between the temporally Gaussian-profile pulse and the skewed-profile pulse.
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This could avoid overcoagulation in the fusion region. The use of short pulses also
results in flatter profiles of the divergence of radiative heat flux along the fusion
depth direction and of the outgoing radiative heat flux along the radial direction on
the tissue surface. These help improve the uniformity of heating and, consequently,
may better the quality of the closure. These are unique features of ultrafast laser
tissue welding and soldering. We also found that thermal radiation diffusion to
surrounding healthy tissue occurs in the tissue welding processes at 50–100 ps (¼ 5–
10tc) after the incidence of the laser pulse, whereas the radiation field is well confined
in a very narrow solder-stained region in the tissue soldering processes. The radiation
field is always time-dependent and dynamic. As a result, no constant radiation
gradient will be established inside the tissue, either in the radial direction or in the
axial direction. The location of the peak radiation energy deposition is always
moving. This makes it achievable to design an optimal laser tissue welding or sol-
dering condition. For thicker tissue closure, it is more difficult to realize uniform
heating condition along the fusion depth. The use of a spatially flat laser beam yields
a relatively uniform heating outcome in the radial direction as compared with the use
of a Gaussian beam input. The difference of radiation field between the temporally
Gaussian-profile and skewed-profile pulses is not appreciable except for the radia-
tion response time.

Figure 10. Profiles of divergence of radiative heat flux along the cylindrical centerline for different values

of cylinder thickness in tissue welding.
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