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Laser forming as a springback-free and noncontact forming technique has been under
active investigation over the last decade. Previous investigations are mainly focused on
forming of large and thick workpieces using high power lasers, with less work on preci-
sion, micro-scale bending of small and thin sheets. In this ywark Wcontinuous wave

argon ion laser is used as the energy source, and the laser beam is focused to a beam
diameter of tens of micrometers to induce bending of thin stainless steel sheets. When the
laser scanning velocity is above 8 mm/s, bending can be explained by the temperature
gradient mechanism, while decreasing the scanning velocity leads to the buckling mecha-
nism of bending. The bending angle is measured at various processing conditions. A fully
3D finite element analysis is performed to simulate the thermo-elasto-plastic deformation
process during laser forming. Experimental measurements and computational results
agree in trend, and reasons for the deviation are discusgé2iOl: 10.1115/1.1347036

process through experimental and numerical studies. It is neces-

1 Introduction
. . . sary to establish a 3D numerical procedure since temperature and
Laser forming as a springback-free and noncontact formi

technique has been under active investigation over the last dec

resulted from r_apid laser he_ating and_coo_l[ﬂgZ]. A schematic of 4 \v continuous wavéCW) argon ion laser. Localized, preci-

the laser forming process is shown in Fidajl A focused laser g, hending is obtained by focusing the laser beam to tens of
beam irradiates the target surface and moves with a scanning ¥eerometers to produce localized stress and strain. The bending
locity along a path called the “bending edge.” After the lasefne js measured at different laser power, laser scanning velocity,

beam passes the target and the temperatures of the target retughppeam diameter. Computational results are compared with ex-
ambient temperature, a permanent bending angle will be devel-

oped as shown in Fig.(f). The bending mechanisms are deter-
mined by the transient temperature field, which in turn is influ- L b
enced by the thickness and thermophysical properties of t aser beam
workpiece, the scanning velocity of the laser beam, the laser be ﬂ

path, the laser power, etc. Three laser bending mechanisms h
b4
/s
o

been discussed in the literature: the temperature gradient mec Scanning
nism, the buckling mechanism, and the upsetting mechanic direction Target
(3.4. o _ o Laser path y
Previous investigations on laser forming are mainly imple (bending edge)
mented using high power lasers on large and thick workpiec
[5-7], with less work on the bending behavior of thin sheets usir I —

low power laser$8,9]. Low power laser forming is ideal for ap- X
plications in microelectronics where high accuracy in bending at
curvature modification is needed. For example, Chen €tlal. (a)
employed a pulsed laser-based technique to adjust the curvatur
a disk head, with precision better than 1 microradian. They al:
developed a two-dimensional numerical model to simulate he
transfer and deformation processes during laser bendin@ther
applications of laser forming include adjusting alignments of of
tical components in CD, DVD, and MEMS devices. As the di
mensions of microelectronic and opto-electronic components C(ggmped (b;?isiirgp:csge)\\
tinue to be reduced, laser-based high precision curvatt
modification technique will find more applications in their manu
facturing processes.

The goal of this work is to better understand the laser formir
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perimental measurements. Note that although an argon ion lasewith the use of a 99.99 percent pure nitrogen gas jet. The output

used, results of this work can be extended to other types of laseyas pressure isx410* Pa(6.0 ps) and the gas blows in the direc-

such as the newly available diode pumped solid state lasers whi@h parallel to the target surface. Bending angles obtained with

are more compact and easier to be integrated into manufacturgrgd without using the gas jet are measured and compared.

processes. The specimen used is full-hard 301 stainless steel. The laser
and specimen parameters are summarized in Table 1.

2 Experimental

_ Figure 2 illustrates the gxperimental' set-up for CW laser ben - Numerical Simulation
ing as well as for measuring the bending angle. The laser used’is
a 4 W CWargon ion lasefLexel Corporation, Model 95with Bending induced by the temperature gradient mechanism is
multiple wavelengths at 488.0 nif20 percent of total powgr Simulated in this work. When the duration of laser heating is
514.5 nm (43 percent of total powgr etc. The laser beam is relatively short, a sharp temperature gradient is produced near the
expanded by two lenses and focused onto the target using a $gtface, inducing compressive plastic deformation since the ther-
cusing lens. The laser beam diameter on the target surface vafitd expansion of the heated area is constrained by the cooler
from 40 to 120um. To avoid melting, the laser power needs to b&aterial that surrounds it. During cooling, tensile stresses arise in
kept below 2 W and the scanning velocity higher than 8 mm/seifie plastically compressed zone due to the bulk constraint of the
One end of the target is clamped. A mirror is mounted on a rotdfaterial contraction. However, the compressive plastic strain is
ing motor, which scans the laser beam over the target surfacen@f completely canceled out because heat flows into the adjacent
they-direction(the direction perpendicular to the papeéBending zone and the yield st_rength increases with decreas_ing temperature.
is mainly achieved around thgaxis into thezdirection (Fig. ~Therefore, after cooling, the heated surface layer is shrunk, caus-
1(b)). ing the workpiece to bend toward the laser beam. Since bending is
A He-Ne laser is used to measure the bending angle in tﬁbtained due to the nonuniform temperature distributtbe tem-
zdirection. The He-Ne laser beam is focused at the free end of th@rature gradientthrough the thickness, the bending mechanism
specimen. The reflected He-Ne laser beam is received by a pdsitermed the temperature gradient mechanism. In most experi-
tion sensitive detector with a position sensitivity ofuin. When ments conducted in this work, the heating period is short and a
the distance between the position sensor and the specimen is lgperature gradient exists. This will be shown later by the nu-
enough, a small movement at the free end of the specimen praerical results.
duces a measurable displacement of the laser beam at the positiohhe above description indicates that bending is caused by the
sensor. The position change of the He-Ne laser beam at the p@4astic deformation induced by thermal stresses and temperature-
tion sensor can be converted to the bending angle of the specinf&yendent materials properties, and is strongly dependent on the
using straight-forward geometrical calculations. Using a 0.2 #ansient temperature field. The CW laser bending process shown
distance between the position sensor and the specimen, the sdAdfig. 1 causes 3-dimensional temperature and stress fields, there-
tivity of the bending angle measurement is about 2rad. The fore, 3D modeling is necessary to compute laser-induced bending.
whole apparatus is set on an optical table to isolate vibration. In this work, a 3D finite element analysis is applied to simulate
For most of the experiments in the work, the target is alloweiie CW laser bending process induced by the temperature gradient
to cool by free convection and radiation. The influence of forceechanism. The nonlinear finite element solver, ABAQUKS,

convection cooling on the obtained bending angle is investigatétf-, Pawtucket, B is employed to investigate both the thermal
and the mechanical parts of the process.

3.1 Mesh Generation. The computational domain is the

Clamp same as the dimension of the steel sheet used in the experiments,
Oscilloscope Position Specimen i.e., 10 mnmx1 mmx0.1 mm. Because of the high temperature and
sensor stress gradients around the laser path, a dense mesh is necessary

I——— there. In order to limit the total number of elements in the simu-
lation, a coarse mesh is used outside the primary processing re-
[_ Focusing gion, and transition elements in appropriate locations are created
lens to connect the dense mesh and the coarse mesh, as shown in Fig.
3(a) and Fig. 3b). The Cartesian coordinate system is attached to

3 N ) z the computational domain as shown in Figb)3 The center of

Y \J Micror on HeNe laser laser beam moves along tlyeaxis atx=0.
CW Argon Lens  Lens rotational motor Eight-node linear brick elements are used. As shown in Fig.
ion laser 3(b), a fine mesh of elements is placed under the laser irradiated

surface, with a length of 12@um from the center-plane in the
x-direction. The total element number in this regiéegion ) is
(in x,y, 2): 2X[8%x99x%9]. In the laser path directiofy-direction),

Fig. 2 Experimental setup

Table 1 Laser and specimen parameters used in experiments the mesh is uniform and the element size is 4@ in order to
and finite element analysis accurately capture the flux distribution of the moving laser beam.
In the x and z-directions, the element sizes are increased by
Laser power (W) 1.0~2.0 stretching. From the dense mesh outwards, the meshéin arey,
2): a transitionxz mesh pattern blended with the reduced number
Laser scanning velocity (mm/sec) 8.0~335 of grids in thez-direction in Region Il: X[1X99x12]; a coarser
mesh in Region lll: X[1X99X3]; a transitionxy mesh pattern
Laser beam diameter (um) 40.0 ~ 120.0 blended with a reduced number of grids in tdirection in Re-
gion 1V: 2X[1X132%3], and a coarsest mesh in Region \X[14
Specimen length (mm) 10.0 X 33%3]. The total element number is 20,790.
A mesh refinement test was performed. If 16 nodes instead of
Specimen width (mm) 1.0 10 nodes are used in the thickness direction, the temperature field
and history are almost not affected, with the maximum tempera-
specimen thickness (um) 100.0 ture difference less than 5 K. Decreasing the element length in the
y-direction from 10um to 6 um, the maximum temperature dif-
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Fig. 3 Mesh for the 3D simulation of laser bending process: (a) the total mesh
(b) the dense mesh around the laser path and the transition mesh pattern

ference is less than 10 K. No change in the subsequent thermo- 2P
mechanical stress analysis is caused by these temperature I0=—rz 2)
differences. ™o

3.2 Thermal Analysis. Compared with the high laser en-ynerep is the laser power. In Eqd), the term—2r is added
ergy involved in the process, dissipation of energy by plastic dgacause the simulation begins when the laser beam is at a distance
formation is negligible. Therefore, the mechanical calculation cagp 2r, from the sample edge. This is to capture the initial heating
be decoupled from the thermal calculation. The thermal probleg the target by a partial laser beam. Similarly, after the laser
is solved first with the 3D heat conduction equation to obtain the,qm completely passes the target and reaches the locatiog of 2

temperature field, which is then used as the thermal loading f@fyay from the other edge, the laser flux does not irradiate the
the mechanical problem. On the other hand, since only small dgrget anymore and is terminated in the simulation.
formation of the target occurs in this work, it is assumed that The |aser flux in the target is:

variations of geometry during the laser bending process have no
influence on heat transfer, and the temperature field can be deter- Cwz
mined on the undeformed mesh. The same mesh is used for both q(xy,z)=(1-Rpl(xy, e ®3)
thermal and mechanical calculations.
Laser heating is considered as a volumetric heat source movingere « is the absorption coefficient of stedi; is reflectivity,
at a constant velocity. By assuming the laser flux has a Gaussignich is measured to be 0.2 for the oxidized steel surface. Oxi-

distribution, the moving laser flux can be expressed as: dation occurs at the top surface of the workpiece due to the high
, temperature achieved during laser heating. To better estimate the
L(x,y,t)=1 oe*Z(xzﬂy*vet*Zfo)Z/ro) (1) reflectivity of the steel surface, the reflectivity should be measured

in-sity, during the heating process. Thus, the oxidation effect and
wherev, is the velocity of the scanning laser beam agds the the temperature dependency can all be accounted. However, such
laser beam radius. The laser flux at the beam cehgercan be measurements are rather involving and the experimental apparatus
expressed as: is not readily available. In the calculation, the measured reflectiv-
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Fig. 4 Thermal and mechanical properties of full-hard 301 stainless steel

ity of the oxidized surface is used since at any instant durirgerature of 300 K. In the analyses, the laser parameters are chosen
scanning, most laser energy is applied to an area that is alreauysuch a way that the peak temperature achieved is below the

raised to a high temperature. melting temperature of steel, 1670 K. Processes involving melting
The volumetric distribution of the absorbed laser enef@y,, are not considered in the numerical calculation.
can be expressed as: Free convection and radiation boundary conditions are applied
to all boundaries, and are expressed as:
dq(xlylz1t) —
Qu=——g, — =(1-Rpal(xyhe = (4

—kVT-A=h(Te—T.)+eo(Te—T2) (6)
With the laser energy treated as volumetric heat absorption . .
Q.. the three-dimensional transient heat conduction equatié‘lﬂﬁeren is the outward normal at each surface. The convective

can be expressed as: .eat transfer cogfﬂqgnt is taken as lp.O Rinior free convec-
tion and an emissivity value of 0.8 is used for calculating the
PCT:V'(kVT)+Qab (5) radiative heat flux. Optical reflectivity and emissivity data used

are temperature independent since temperature-dependent data are

where the upper dot denotes time derivative. The continuous |agef 4y ailaple in literature, while other thermal properties used are
scanning is simulated by a discrete laser source with its cenj

. th ti he ti I h EMmperature dependent as shown in Fig. 4. The free convective
advancing with time. The time step must be small enough so thata: transfer coefficient is taken as constant although it varies with
continuously moving of the laser flux can be accurately appro

s ) ; B Yamperature. The effect of these assumptions and simplifications
mated. In the calculations, the time step is less tharl@ *s,

‘ ) ! on the computation results will be discussed later.

during which the laser source moves a distance less tham.1  |njtially, the temperature of the specimen is at the room
much smaller than the element length of A in they-direction. temperature:

The calculated temperature field is continuous. The time step is
controlled according to the criterion that the temperature change T=T, 7
between any two adjacent time steps is less than 20 K. No differ-

ence is found whe 5 K is used. The analysis is proceeded up to 3.3 Stress Analysis. After the temperature field is obtained,

the time when the specimen is expected to cool to the room tethe stress and displacement fields can be calculated as a response
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to the thermal loading. Neglecting the dynamic effect, the quadainties in other thermophysical properties and in extrapolations to
static mechanical problem to be solved includes the straihigh temperature¢shown in Fig. 4 as the dashed linegelded

displacement relations and force equilibrium equations: results within a few percent.
sij:l/2(ui,j+ujyi) (8a)
4 Results and Di ion
oy + =0 (@) esults and Discussions

. - . _ The result of a benchmark case is presented first to provide the
The incremental plasticity method is employed. The total strafbneral trends of temperature, stress and strain development.

rate is assumed to pe the summation of the elastic, plastic afgen, pending angles calculated with different laser parameters
thermal components: are presented and compared with the measured data.

gj=ef+eh+af (99 4.1 Numerical Results of a Benchmark Case.A bench-

. . . . . mark case with laser power of 2 W, beam diameter of.8® and
Using the von Mises yield criterion and considering the teMscanning velocity of 8.0 mm/s is simulated to show the transient
perature dependency of material properties, the total strain rgignerature, stress, strain and displacement development. The
can be expressed @80]: temperature distributions on the top and bottom surfaces along the

1-2y o o 1-2, line x=0 are shown in Figs. (&) and 3b). When the laser beam
I d U &g s, — —zEffkk5i' starts to irradiate from one edgg=£€0) and moves forward, the
3E I 3E ! temperature at the other edgg=(1 mm) increases before the
laser beam arrives because of heat diffusion. At the beginning of
Il (10) laser heating, the peak temperatures on the top and bottom sur-
20H" aT faces increase gradually as shown by the peak temperatures from
. . _ _ ) 0.03 s to 0.096 s in Figs.(& and 8b). When the laser beam
where oj; is the deviatoric stress tensor is defined as moyes closer to the other edge and just before the laser beam
V32\aiof;, H' is defined as—dF/deP, eP=2I3\efjsf}, the leaves the target at 0.128 s, the peak temperatures at both the top
equivalent strain, an# is the von Mises Yield function. and the bottom surfaces rise quickly as can be seen by comparing
It is assumed that the steel specimen has a thermo-elasto-plagtéc peak temperatures &0.096s and=0.128s. This is be-
behavior with isotropic hardening. Viscous phenomena are ne-
glected because the process is so rapid that high temperatures last
shortly in the target. In the laser bending process, the strain rate is
high and the yield strength may be strain rate dependent. Ho 1800 p—v—r—

&ij = owkdijt 5=

1 . , 30'{] JF .
- ﬁGO’ij-i-

[ | LA LN L R L R
ever, the strain rate dependent yield strength for full-h@idh E b
yield strength stainless steel is not available. The strain-rate e [ _Ef 88%?: (a) ]
fect is not considered in this analysis. Phase transformation, tra 1500 - | _ _ _{-0096s ]
formation plasticity and volume change during phase transform~ [ —e=--1=0.128s A%
tion can have a large influence on the stress field in low-alloy ste= 00 s N N 1\
and mild steel. These effects are not considered in the currg 12 3 Iy [
simulation for stainless steel 301, which is a high-alloy austenit® - : | ;]
steel (18Cr-8Nij with the martensite start temperatuvk; lower 2 900 £ LY \ . 3
g C N / / ]
than room temperaturel.1]. 5 2 P v\ ]
The boundary condition is zero displacement at the end of t& - ' _ / _--X ]
workpiece that is fully constrained, and the other surfaces & 600 £ N & S - ]
stress free: T T TN e, E
uj=0, atx=-5mm (1%.) 300 b 1 e
0 0.2 0.4 0.6 0.8 1

0;;=0, atx=5mm, y=x0.5mm, Distance in the y-direction (mm)

z=0, and z=0.1 mm (1b)

Initially, it is assumed that the specimen is stress and stre 1000 ~——T1 T T 7T T T T
free: F t = 0.030 3
- =0.030s -
0i;=0, & ;=0 (11c) 700 I R t=0063s (b) M
' ’ — 800 F — — -t=009s / 3
The validity of assuming zero initial stress and strain will b&g C ~----t=0128s / ]
discussed later. Whenever possible, the materials mechanip 700 F - <’ 3
properties are considered as temperature-dependent as shows : R ]
Fig. 4[12]. The thermal expansion coefficient for full-hard steel k8 oo N ~ 3
unknown to the authors, and the data for an extra-hard specime & S -~
used(which is lower than that of full-hard steelThe data given & 500 [-m---—-=" 3
[12] for the Young's modulus and the yield strength are in - 3
certain range, and the averaged values for Young’'s modulus ¢ 400 L 4
the lower bound of the yield strength are used in the calculatic - "
The room temperature value of the Poisson’s ratio of[QF is 300 Lo o 1o b e 12T 5

used throughout the calculations since the temperature-depenc
data are unknown to the authors. Influences of uncertainties
these data have been studied using a numerical uncertainty anaity-
sis of two-dimensional pulsed laser bending of st¢2lsIt was Fig. 5 Temperature distributions along the  y-direction at x
found that a 10 percent difference in thermal expansion coefficiead at different times (a) at the top surface (b) at the bottom
changes the bending angle by about 10 percent, while the uncarface

[==]

0.2 0.4 0.6 0.8
Distance in the y-direction (mm)

[
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Fig. 6 Temperature distribution along the z-direction under-
neath the laser beam center (x=0 mm, y=0.42mm, t=0.063s) 1000 ———r—r—7—V—"—+7 71T
500 F /2Tl ]
cause the boundary =1 mm restricts the laser heat flux from§ - ]
being dissipated and thus accelerates the temperature increas< L J
the target. o> 0 ' . ST
Figure 6 shows the temperature distribution along thg [ o) O T ]
z-direction underneath the laser beam centedr=e0.063 s, which & s VoL Vo i
is atx=0 mm, y=0.42 mm. The temperature gradient decreas®? N _ )}
-500 |- t=0.063s 4
gradually from the top to bottom surfaces. The temperature gt L | —-=--t=0.09s (b) ]
dient near the heated surface is as high ax2@ K/m. A large [ Residual ]
temperature difference exists between the top and the bottom ¢ L . : - J
face, varying from 1200 K to less than 700 K. Therefore, th ~ -1000 tm——md— oy
temperature gradient mechanism is the bending mechanism. 0 0.2 0.4 0.6 0.8 1

The developments of stresseg, ando, at the surface along
the beam pathx=0) are shown in Figs. (@) and %b), respec-

Distance in the y-direction (mm)

tively. The circles on the curves indicate the locations of the cehRig. 7 Stress distribution at the top surface along the line
ter of the laser beam. At time instants of 0.063 s and 0.096 30 (8) oy, (b) oy,

compressive stresses are developed in the regions right ahead of

the laser source, which is in the heating period; while tensile

stresses are presented in the regions behind the laser sougigun. Although the laser passes the target in 0.14 s, the deforma-
which is in the cooling period. After the workpiece cools downion process ends at 0.16 s in thelirection due to the slow
completely to the ambient temperature, residual stresses alongdbeling process.

entire laser path are tensile, while compressive residual plastign the above calculations, the heat transfer coefficient of free

strains are distributed at the surface of the workpiece along thgnvection and emissivity are taken to be 10

nd 0.8,

laser path ak=0 as shown in Fig. 8. The compressive residugkespectively. If 1000 W/iK is used instead of 10 W/ for the
ection heat transfer coefficient, the peak temperature de-

plastic strains cause shrinkage in the laser irradiated area and lg
to bending of the workpiece.

The residual stress distribution at the surface of the workpiece
along the liney=0.5mm is shown in Fig. 9. Very high tensile
stresses are generated narrowly around the laser path.

Deformation of the workpiece during laser heating is illustrate
in Fig. 10, which shows the displacemantalong three lines at
y=0.12, 0.69, and 0.90 mm &t 0.096 s. At this time instant, the
laser beam center is ag=0.69 mm, the temperature at
=0.12 mm is increasing, and the temperaturgs=a0.69 and 0.90
mm are decreasing. The peak temperature is located at.2
=0.69 mm. From Fig. 10, it can be seen that a bump is formed &
y=0.69 mm because the center of the laser beam is located th®
at that time instant, and the thermal expansion is the greatest. ",
target deformation occurs in the region 0.5 mm from the center
the laser beam x=0), with convex curvatures along/
=0.69 mm andy=0.90 mm, and a concave curvature along
=0.12 mm. Outside the central regiox> 0.5 mm), the displace-
ments along the above three lines are the same. As shown in |
10, the same amount of displacement occurs=ab mm.

The history of the displacement, at the center of free engk
=5 mm, y=0.5mm is shown in Fig. 11. Bending is away from
the laser beam at first, then reverses its directioh=a0.085 s.

strain

=
2
17
(3]
=4
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creases by less than 40 K. Note that when the nitrogen gas jet is
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Fig. 9 Residual stress distribution at the top surface along the . . .

line y=0.5mm Fig. 11 History of the displacement  u, at the center of the free

end

used in the experiment for forced convection cooling, the convec-
tive heat transfer coefficient should still be less than 1000 $/m diameter at a constant laser pow&2dV and a constant scanning
The major temperature difference between the simulations usivgjocity of 8 mm/s. The bending angle decreases with the increase
10 W/nfK and 1000 W/riK occurs during cooling after the laserof the beam diameter because of the decrease of the laser flux
beam passes the specimen. The calculated bending angle wleich leads to lower temperatures. At a beam diameter Qim0
creases by 9 percent when the heat transfer coefficient of convtits obtained bending angle is much higher. Melting occurs when
tion is increased from 10 W/ to 1000 W/nfK. This shows the beam diameter is less than afn.

that, assuming a constant free convection coefficient of 103¢/m

would not cause a significant error in computing the bending

angle since the free convection coefficient should be less than te=e ¢ 55

of W/mK. Similarly, because of the much smaller radiative flu; SRR RAAARAMLAMALANLEA } i
at the surfaces compared with the laser heat flux, bending resi - ]
are not sensitive to the emissivity value. The decrease of thebe . 0.2 - 7]
ing angle by a large increase in the convection heat transfer co® s ]
ficient is verified by the experiments. When the gas jet is useg L 4
depending on laser parameters, the decrease of the bending a3y 015 | ]
is between 6 and 10 percent. 'g) s ¢ ]
4.2 Comparison between Experimental and Numerical _°5° 0.1 ( ) ]
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Fig. 12 (a) Measured bending angle as a function of laser
-5 -4 -3 -2 -1 0 1 2 3 4 5 powerata constant scanning velocity of 8 mm /s and a con-

Distance from centerplane in the x-direction (mm) stant beam diameter of 40 um (b) measured bending angle as a
function of the laser beam diameter at a constant laser power
Fig. 10 Displacement (u,) along the x-axis at t=0.096 s of 2 W and a constant scanning velocity of 8 mm /s
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0.06 —~———r—T—r—T—T—"—T—rTT T curvature is concave and is away from the laser beam when the
pre-curvature is convex. The bending angle is as high as 10 deg
for the first laser scan. Additional bending from subsequent laser
scans decreases gradually. After about 40 scans, bending by 90
deg is obtained. These phenomena show that bending at a low
laser scanning velocity is dominated by the buckling mechanism.

—e— Experimental
A, ----a---- FEM

0.05

0.04

5 Conclusions

Continuous wave laser forming of thin stainless steel sheet was
studied. Experimental studies were conducted to find out relations
between bending angles and processing parameters, including the
laser power, beam diameter and scanning velocity. When the sur-
face of the workpiece was kept below the melting point, the re-
001 b o L b L peatability of the obtained bending angle was better than 0.01 deg.
10 15 20 25 The laser forming process was simulated using a fully 3D finite

Scanning velocity (mm/sec) element model to illustrate the transient temperature, stress, strain

and displacement development. The calculated results agreed with
Fig. 13 Measured and calculated bending angles as a function the trend of the experimental data. When the laser scanning ve-
of the scanning velocity at a constant laser power of 2 W and a locity was high, bending was due to the temperature gradient
constant beam diameter of 80 um mechanism, while decreasing the scanning velocity led to bending
by the buckling mechanism.
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As can be seen from Figs. @&, (b) as long as the peak tem-
perature is kept below the melting point, the repeatability of tHeCknowledgment
obtained bending angle is better than 0.004 deg, indicating that thesupport to this work by the National Science FoundatbmI-
laser based technique can be used to achieve high precisiorn@13758 and DMI-9908176s gratefully acknowledged.
bending.
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