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Department of Mechanical Engineering, There has been a considerable amount of work carried out on two-dimensional laser
Columbia University, forming. In order to advance the process further for industrial applications, however, it is
New York, NY 10027 necessary to consider more general cases and especially their process planning aspect.

This paper presents an optimal approach to laser scanning paths and heating condition
determination for laser forming of doubly curved shapes. Important features of the ap-

VllaV Srlnlvasan proach include the strain field calculation based on principal curvature formulation and
~ IBM Corporation, minimal strain optimization, and scanning paths and heating condition (laser power and
White Plains, NY 10604 scanning velocity) determination by combining analytical and practical constraints. The

overall methodology is presented first, followed by more detailed descriptions of each step
of the approach. Two distinctive types of doubly curved shape, pillow and saddle shapes
are focused on and the effectiveness of the proposed approach is validated by forming
experiments[DOI: 10.1115/1.1643077

1 Introduction a constrained nonlinear programming problem. The optimal de-
veloped planar shape is obtained by solving an unconstrained non-

Compared with conventional forming techniques, laser formi - 2 T
(LF) of sheet metal does not require hard tooling or exterﬂ?‘gfr programming problem, which is based on the strain distri

. s jon from previous step. The algorithms presented are
forces and henqe, can increase process flex_lblllty and reducei inating; however, they do not provide an explicit method on
cost of the forming process when low-to medium-volume pmdufﬁ'ow to determine laser paths nor on how to determine heating
tion or prototyping is concerned. It therefore has potential appliynditions

cations in aerospace, shipbuilding and other industries. Significanbiven the understanding that analytical or numerical solutions

progress has been made in analyzing and predicting LF Proce$pethe inverse problem may be less fruitful, heuristic approaches
of sheet meta!. To apply the LF process to real world proble_rr*ﬁ ve been attempted. A genetic algoritéBA) based approach,
however, the inverse problem needs to be addressed, that is, i is an adaptive heuristic search algorithm premised on the

design process parametéfaser scanning paths and heating Conévolutionary ideas of natural selection and genetic, was proposed

dition in terms of laser power and scanning velocigiven a .b}/&?himizu[ﬂ as an optimization engine to solve the inverse

desired shape. For general thre_e-dimen_si_ona_l shapes, S’etefm:_'ﬁ lem of the LF process. In his study, a set of arbitrarily chosen
laser scanning paths and heating condition is not obvious singest hrocess conditions for a dome shape was encoded into strings
their relatlonshlp_ to th? shapes is complicated. .qof binary bits, which evolve over generations following the natu-
Ueda et al[1] investigated the development of a computer-aith selection scheme. One of the important process parameters,
process planning system for plate bending by line heating. Thﬁ¥ating path positions, was assumed given. To apply GA, it is
computed the strains using large deformation elastic finite elem?@cessary to specify crossover rate and mutation rate but their
method(FEM) and decomposed strains into in-plane and bendingaction suffers from lack of rigorous criteria.
components. They then chose regions with large in-plane StrainsFocusing on a class of shapes, Liu and Y& proposed a
as heating zones and selected heating direction normal to the pgisponse surface methodology based optimization method for LF
cipal strain. Their work in line heating provides relevant informas ocess design. The propagation of error technique is built into the
tion for the LF process design. However, their approach to heatigsjgn process as an additional response to be optimized via de-
path determination is not well explained. Furthermore, they diglrapility function and hence make the design robust. To the same
not deal with how to determine the heating condition. end, Cheng and Yaf6] proposed a genetic algorithm in LF pro-
_ Jang and Moori2] developed an algorithm to determine heatgess design. This approach uses several analytical equations based
ing lines for plate forming by line heating method. They firspn theoretical analysis and experiment/numerical training to pre-
calculated the lines of curvature of a prescribed surface and evalct the geometry change occurring in the straight-line LF. Both
ated the points of extreme principal curvature along the linegethods were successful for a class of shapes; however, they are
They then classified and grouped them based on their principglt directly applicable to general 3D shapes.
dire.CtionS and di.stances between. The.heating lines are Obtaineql'his S’[udy presents an Opt|ma| process p|anning s’[rategy to de-
by linear regressions on the grouped points. However, this meth@@mine scanning paths and heating condition for laser forming of
only used straight heating lines, which are inappropriate for mogneral doubly curved shapes. The overall methodology is pre-
complicated shapes. Also, it did not address the heating conditi§gnted first, followed by more step-by-step descriptions of the
determination. ) ) ) proposed strategy. Two distinctive types of doubly curved sur-
Yu and Patrikalaki$3] presented algorithms for optimal devel-faces, pillow and saddle shape are studied and the overall meth-
opment of a smooth continuous curved surface into a plangdology is validated by experiments.
shape. The development process is modeled by in plane strain
from the curved surface to its planar development. The distribp- Problem Description

tion of the appropriate minimum strain field is obtained by solvin . L . S
pprop y 9 Sheet metal concerned in forming including laser forming is
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distances from two faces of a plate defines a middle surface. T" -
paper is concerned with thin plates and therefore the analysis
strains can be reduced to the analysis of their middle surface or
This study is not limited to small deflections. When the deforme
tion is small, the middle surface is neutral and otherwise there ¢
strains on the middle surface. 0.1
An arbitrary surface is not characterized globally, but only ¢ :
local points. That is only a local shape can be known and I -
determined by the derivatives of the surface vector. The nature2"™

the local shape is classified into four cases according to the Gat £
ian curvature and coefficients of second fundamental farpivi 0 Il;,’
and N) at the point(see Section 3 for more detailsThey are 1

elliptic case, which has a positive Gaussian curvature, hyperbc
case, which has a negative Gaussian curvature, parabolic ci
which has zero Gaussian curvature arfd- M2+ N?#0, and pla-
nar case, which has zero Gaussian curvaturelaatl =N=0.

In engineering applications, surfaces are often classified as <
gly and doubly curved surfaces. A singly curved surface has zeiu
Gaussian curvature at all points, like the parabolic case, and theryrﬂg-. 1 Desired pillow shape (also note the shape along the
fore can be formed by bending strain only. A doubly curved SUfr_gjrection curves higher than that along the  v-direction )
face has non-zero Gaussian curvature, like the elliptic case and the
hyperbolic case, and generally requires both in-plane and bending
strains to form. Surfaces of many engineering structures are com

monly fabricated as doubly curved shapes to fulfill functional r 5aper. The strategy consists of three stages. In stage one, the prin-

quirements such as hydrodynamic, aesthetic, or structural._For ﬁ)'al curvature directions are calculated based on the first and
ample, a large portion of the shell plates of ship hulls or alrplargee

fusel doubl d ’ Thi . &fond fundamental form coefficients of a given doubly curved
uselages aré coubly CUrved Surfaces. ThiS paper IS CONCerdGk, o once the desired surface is given, the principal curvature
with doubly curved surfaces. For thin plates, in-plane strain E

. : rections can be determined. The desired doubly curved surface
usually much larger than the bending strain and therefore only fa&,q, geveloped into a planar shape to obtain the required strain
former is considered in this paper. fi

Two distinctive doubly curved surfaces are chosen as desirled' This part is modeled by in-plane strain along the principal

h i thi dv. Th i h hich h > curvature direction from the doubly curved surface to its planar
shapes in this study. They are a pillow shape, which has pos'“éf@velopment. The distribution of the minimum strain field is ob-

Gaussian curvature over the entire surface, and a saddle YRfhed by solving a constrained nonlinear optimization problem.

which has negative Gaussian curvature over the entire surfagaqey on the strain field and the coefficients of the first funda-
Both surfaces are given in the form of Bezier surface. Points o

Bezi f . by the followi t "Wental form of the curved surface, the initial planar shape is
ezier surface are given by the following equat(@ obtained by solving an unconstrained nonlinear optimization

Figure 3 outlines the overall strategy of process planning in this

problem.
r(u,v)zz 2 riiBi.m(W)B; n(v) U, e[0,1] 1) In stage two, the planning of laser paths is carried out on the
i=0 i=0 planar developed surface and perpendicular to the principal cur-

. Cth _ _ - ._; Vature directions solved from the stage one. Since the strains
wherer;; is theij™ control point,B; ,(u)=C(n,i)u'(1—U)"",  4iong the principal curvatures are perpendicular to each other, and
andC(n,i) is the binomial coefficienC(n,i) =n!/i!(n—1).. no shear strain is considered, they can be regarded as the principal

For a bicubic Bezier patch, sixteen points are required to det@ains. Furthermore, it is well known that in a laser forming pro-

mine a surface patch, the point on the surface patch can be gXss, the largest compressive strains are generated perpendicular
pressed in the matrix forrf8], to the scanning path. Therefore, the laser path should be placed

(1-v)3 perpendicular to the prin_cipal curvature directipns. Seg_ment_ation

along the heating paths is performed and heating condition is de-

_ 2
r(u,v)=[(1—u)® 3u(1—u)? 3u?(1-u)u®]Q 252(117”3)

3

1

) P R

whereQ is a 4 by 4 natrix containing the sixteen control points
rij . The control points for the pillow shape are:
(0,0,0, (0,1/3,0.025%, (0,2/3,0.025, (0,1,0 L R
(1/3,0,3.0.04% (1/3,1/3,0.08, (1/3,2/3,0.08, (1/3,1,0.042 :
(2/3,0,0.042, (2/3,1/3,0.08, (2/3,2/3,0.08, (2/3,1,0.042 0.05
(1,0,0, (1,1/3,0.025, (1,2/3,0.025, (1,1,0
For the saddle shape, the control points are:
(0,0,0.042, (0,1/3,0.017, (0,2/3,-0.01%, (0,1,-0.042
(1/3,0,3.0.01y, (1/3,1/3,0.008 (1/3,2/3;-0.008, (1/3,1,
—0.017
(2/3,0,-0.017, (2/3,1/3-0.008, (2/3,2/3,0.008 (2/3,1,
0.017
(1,0,-0.042, (1,1/3-0.017, (1,2/3,0.017, (1,1,0.042
These two shapes are shown in Figs. 1 and 2, respectively.
noticed in Fig. 1, the adjacent sides of the pillow shape are n ‘C”,"

fluy)
Q
|

-0.05 -

identical, with the one along thedirection curves slightly higher. id 06, o4 02 o O ’
The saddle shape in Fig. 2 bends up at a pair of opposite corners

and down at the other pair. Fig. 2 Desired saddle shape
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Letr=r(u(s),v(s)) be a curveC on the surface through point
doubly curved shape P, wheres represents the arc lengtk, is the vector projection of
the curvature vectdr of the curveC at pointP onto the normaN

at P, i.e,, k,=(k-N)N=«,N, wherek, is known as the normal

Calculate principal curvature . ] c
directions at sach grid point curvature of the surface & and is expressed in terms of the first
l and second fundamental form, namely,
2 2
Optimal development to obtain _ Ldu“+2Mdudv +Ndv _ 0l 6
principal strain field (5 57 Kn= EdU2+2FdUdU+GdU2_|_ ( )
' l ‘ 3.1 Principal Curvatures. Principal directions are the two
OP“’;?;:’:?;";}}‘;;‘”M perpendicular directions at which the valug take on maximum
DATABASE i b and minimum values, and the corresponding normal curvatures,
Chooss scanming palhs perpendioular Kmin aNd kmay, are the principal curvatures. The value of principal
Praper path spacing 4»‘ 1o principal e dimetions ‘ curvatures and principal directions at a pdhon a surface can be
: obtained by taking derivative of Eq6) with respect to\
F?‘asmlea’nd Determine power: Average (&, &) along the scarning =dv/du and Iettlng it equal to zero, that is,
desirable power
levelﬁ path and lump (g% 5 between adjacent paths
v (FN=MG)\?+ (EN-LG)A+(EM—LF)=0 (7)
Rﬁsonab_le N Divide the scamming path into segments . L. . . P .
segmentation * according 1o sirein varistion along the path where\ is a principal direction aP. Substituting\ into Eq. (6)
Validated FEM I yields
result: o 2 2
Strains vs power & —hl Determine scanning velocity at each segment | (EG—-F )Kn—(EN+GL—2FM)Kn+(LN—M )=O (8)
welocity
Gaussian curvature is the product of the roots of By. «,, and
END Kmax that is
- - - LN—-M?
Fig. 3 OQutline of the process planning scheme _ _
K= KminKmax= EG—F? 9

Jlji}e Gaussian curvatui€ can also be expressed in termsfF,
I;?\ngG and their derivative$Eq. (A1) in Appendi¥. For a doubly

i ? !
rved surface, the Gaussian curvature is not equal to zero at least

termined in the final stage. The required strain between adjac
scanning paths is first lumped together, and a database, whic
obtained from finite element method concerning the relationshfj int th ‘ hil inal d surf
between principal strains and laser power levels and scanning Some points on the surface, while a singly curved surtace or

locities, is then consulted. The three stages are described in miraar surface, the Gaussian curvature is zero everywherg on the
details in the following three sections. Surface. A curve on a surface whose tangent at each point is along

a principal direction is called a line of curvature. It follows that a
L. N curve is a line of curvature if and only if at each point the direc-
3 Determination of Strain Field tion of its tangent satisfies E¢7) for some pathr=r(u,v).

In geometric modeling, shapes are commonly expressed i
terms of parametric equations because the shapes of most obj«g{;r
are intrinsically independent of any coordinate system; the curve
and surfaces are often nonplanar and bounded in some sense A
cannot be represented by an ordinary nonparametric function;
a parametric representation is easier for the study on the lo
properties.

.2 Strain Field for Planar Development. Assume the

in field due to changing from a given curved surface to its
ar shape is represented &%(u,v) ande'(u,v) where 6,t)

ote the principal curvature directions. Knowing that the strain
I8 d can be expressed by the intrinsic geometric properties of the
Surfaces and that flattening a curved surface can yield multiple

A parametric representation of a surface can be denoted byolutions ofe*(u,v) and &'(u,v), an optimization approach is
=r(u,v) where (,v) €[0,1] forms a parametric space. Its partia@PPropriate to solve the problem. An approach based on minimi-
derivatives at pointP on the surface are represented hy zation of the total strain energy af_ter adding the strain field to the
=arlou, r,=dtlov, Ta=drlau?, t,,=drldv?, and ry given doubly curved surface, which maps to a planar shape on

=r/gudv. A surface is uniquely determined by the first ang/rrgggeé;zgss'an curvaturé(,s is zero everywherd4], is ex-

second fundamental forms, which are local invariant quantities.

The first fundamental form is a measure of the amount of move-
ment of a surface at poii in the parameter space and is defined min f f {(£92+ (Y2} |ryxr,|dudy
as[9] D
=dr-dr= 2 2
I=dr-dr=Edw+2Fdudy +Gdv 3) =nﬂnj.f{uﬁf+%sﬁﬂJE6:E7dum
where D
E=ry,r,, F=ry,r, and G=r,-r, (4) (10)

It's a homogeneous function of second degreeiuranddv with ~ subject toK,;=0, %(u,v)=0 ande'(u,v)=0. (u,v) eD andD

coefficientsE, F and G. The second fundamental form measurets the parametric space.

the change in normal vectdiN and the change of surface position In the above objective function,EG— F2dudy is the area of a

dr at a surface point atu(v) as a function of a small movementsmall region bounded bgu anddv. The physical meaning of the

(du,dv) in the parameter space and is defined as. objective function therefore is to minimize the total strain energy

_ _ 2 2 along the principal curvature directions over the entire surface

II'=—dr-dN=Ldu"+2Mdudy+Ndv ©) area. For the constraiit,;=0, Eq.(Al) will be used by replacing

where L=—r,-N,, M=(—=1/2)(r,-N,+r,-Ny), andN=—r, ¢ f, andg for E, F, andG, wheree, f, andg are the first funda-

-N, are the second fundamental coefficients, Bigek IN/du and mental form coefficients of the developed planar surfa¢e,v)

N,=dN/dv. (Fig. 4 and defined as
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Fig. 6 Strains along principal curvature directions on the
1. saddle shape (the segment length represents the strain magni-
>y tude and the segment orientation represents the strain direc-
tion)

Fig. 4 Doubly curved surface, its planar development and the
strain definition

3.3 Planar Developed Shape. After obtaining the strain

_ _ _ field (5 and e}) at all grid points, the planar coordinates
e=Ry'Ry, f=RyR,, and g=R, R, 11 (Xij ,Yijl)] of the dlrid points corresponding to the planar developed

It is more convenient to use the form shown in EA1) than in  shape can be determined. This will give the size and profile of the
Eq. (9) because only the first fundamental form coefficients anglanar developed shape, which are needed in cutting the planar
their derivatives are needed. The relationships betveegrandg shape to form the desired curved surface.
and the given curved surface parameters as well as the unknownghe decision variables to be determined are thenZoordi-
£5(u,v) ande'(u,v) are briefly derived in Eq(A2) to (A6). nates of the grid point®;; = (X;;,Yj;), which are supposed to

The non-negativity constraints’(u,v)=0 ande'(u,v)=0 are satisfy Eq.(11), wheree, f andg are determined based os;( and
imposed for the following reason. During a laser forming processy) and other information of the desired curved surfdEe).
it is known that the strains generated to form a planar shape tg&s)). As a result, Eq(11) gives 3nn known conditions. To solve
curved surface are mostly compressive, thaeféu,v)<0, and this over-determined system of nonlinear polynomial equations,
e'(u,v)=<0. As a result, the strains required to develop the curvetle following unconstrained least square error minimization prob-
surface to its planar shape are tensile, thate®u,v)=0 and lem is solved by using quasi-Newton method in NAG C routine
£'(u,v)=0. e04fcc.

Equation(10), representing a constrained nonlinear optimiza- m n
tion problem, is discretized by using the trapezoidal rule of inte- . a2 _£\2
gratign and central diﬁerenceymethogd for parptial derivatives in the mln; Z‘ (RyRulij =€) *+ (Ry R, [ = Fi))*+ (R, Ry [j;
constraints(Eq. (A7)). If the spaceD is discretized intam by n )
grid points, there are An decision variable&:isj and gl , i —9ij) (12)

=12,...m, and j=12,...n. NAG eO4ucf routineflo] whereR, andR, are expressed in terms oK{ ,Y;;) using the
which |mplements a sequentlal quadratic programming meth@gite difference method. The initial points of the minimization
(SQP is used to solve the constrained nonlinear optimizatiogroblem are given by

problem. The results are shown in Figs. 5 and 6 for the pillow ar(d(l Yi)=(i/m,j/n) where i=1,... ... m; j=1,. n.
saddle cases, respectively. The length of the bars representsTthe results are shown in Figs. 7 and 8 for the p|IIow and saddle
magnitude and the orientation of the bars the direction of th@ses, respectively.

strains.

3.4 Curved Surface Reconstruction. To validate the strain
field and planar shape development process, the coordinates of the
given curved surface;; = (x;; ,Y;; ,Z;;) can be reconstructed by
solving the following least squares error minimization problem

[4]:
m n

minzl 2:1 (ruTulij = Eip) 2+ (ry- i = Fip) 2+ (r, 1[5 = Gyp)?
i=1j=

F(Pyu (reX 1) i = Li VEi; Gij = F5) 2+ (Mg, - (ryXr,)
MijVEi;Gij = F )2+ (1, (ryX1,)];; = Nij VE; Gij — F)?
(13)

whereE;; , F;i, andG;; are calculated based on thg, f;;, and
g;; and the strain field.s(ﬁ- andsi‘j) using a discrete version of Eq.

Fig. 5 Strains along principal curvature directions on the pil- (A6), _and &, fij, and_gij are_computed based on the planar
low shape (the segment length represents the strain magnitude coordinates Xj; ,Yj;) using a discrete version of Egll). The

and the segment orientation represents the strain direction ) results are shown in Figs. 9 and 10 for the pillow and saddle
4 | Vol. 126, FEBRUARY 2004 Transactions of the ASME
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Desired shape
Reconstructed shape
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[ I S L L R N L I I
g BU S R : : **r*rrevseessd Fig. 9 Comparison between desired and reconstructed
e Lttt shapes of the pillow case (the difference between the two sur-
B, ) e et et e e e et facesismultiplied by 5 for viewing clarity )
PR T L S L L R O B R
Oly a s o a4 ¢ 8 ¥ 2 % & 0 0 & 8 0 5 0 ¢ 0 4 4 44 41
A A n L. 4 4 1 n " A A
0 0t 02 03 04 05 06 07 0B 09 I IRJ=(1+&°)|rd, and [R|=(1+e")r|,  (14)
u wherer andR represent the given curved surface and its planar

development, respectively and,{) represent the principal curva-
Fig. 7 Planar developed shape of the pillow case  (distortion ture directions. Similarly,
from the original parametric space  D:(u,v) €[0,1] is magnified
by a factor of 5 for viewing clarity ) Ird=(1+e9)[Ry[, and [r|=(1+€")|R{, (15)
Combining Egs(14) and (15), eS(u,v) ande'(u,v) can be ex-
_ pressed in terms ofS(u,v) ande'(u,v) as
cases, respectively. As seen, the reconstructed curved surfaces
agree with the given ones and the process of strain field and planar s_

€
it e | - e=———, and e'=— :
developed surface determination is validated. l+e 1+e

S t

(16)

3.5 Strain Field Transformation. The strainss®(u,v) and As seen in Eq(16) and discussed in Section 3.&5(u,v) and
&'(u,v) are on the curved surface and to determine scanning paghéu,v) have opposite signs as(u,v) ande'(u,v). The results
on the planar developed surface, they need to be transformed ot® shown in Figs. 11 and 12 for the pillow and saddle cases,
the planar surfacee’(u,v) and e'(u,v). Since e5(u,v) and respectively.
£'(u,v) represent the strains due to changing from curved surface
to its planar development, an infinitesimal lengtbds| changes 4 Scanning Paths

to (1+¢°)]|ryds and |rdt| changes to (+e&')|rdt (Fig. 4). After a strain field required to develop a desired curved shape
Therefore, to its planar shape is determined, scanning paths are designed. Itis
well known that, in the laser forming process, the highest com-
pressive strains occur in a direction perpendicular to a scanning
path and in-plane within workpiece. Therefore a scanning path
should be perpendicular to the direction of the principal strain.
Since the strains developed along the principal curvature direc-
tions (3,¢") in the preceding section are perpendicular to each
other and no shear strain is involved in the process, they can be
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Fig. 8 Planar developed shape of the saddle case  (distortion Fig. 10 Comparison between desired and reconstructed
from the original parametric space  D:(u,v) €[0,1] is magnified shapes of the saddle case (the difference between the two sur-
by a factor of 5 for viewing clarity ) faces is multiplied by 5 for viewing clarity )
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u curvature generated is considered positive. To form a curved sur-
face by laser forming is to superpose these positive curvatures on
the appropriate regions of the plate. If the Gaussian curvatures
along the lines of curvature are positive, the scanning paths should
be placed on one side of the plate. If the Gaussian curvatures are
negative, the scanning paths should be placed at both sides of the
plate. Figure 13 shows that the principal curvatures are both nega-
tive in the pillow shape, namely Gaussian curvatures are positive
regarded as the in-plane principal strains, and therefore a scannifligver the plate. As a result, all the laser paths should be posi-
path should be perpendicular to the direction of the principal cufioned on one side of the plate. Fig. 14, however, shows a different
vature at every point on the path. In other words, a scanning pafenario. For the saddle shape, each location on the plate has both
is the same as a line of curvature, that is, a curve on a surfgsssitive and negative principal curvatures. Therefore, the laser
whose tangent at each point is along a principal curvature dirggaths should be positioned at both sides of the plate.
tion of the surface. In determining the spacing of adjacent scanning paths, the fol-

For the laser forming based on the temperature gradient meclwing guidelines are followed and the guidelines are included in

nism [11], the target bends towards the heating source and i database shown in Fig. 1. In general, the smaller the spacing,
the more precise the desired shape can be formed. However, the
adjacent paths cannot be too close since they will no longer be
independent with each other while independence is a requirement

Fig. 11 Strains along the principal curvature directions on the
planar developed shape of the pillow case  (the segment length
represents the strain magnitude and the segment orientation
represents the strain direction )

b T T T T T ] assumed in determining the heating condition in the next section.
E O Fig. 15 shows that temperature and compressive plastic strain rise
09f. . oo rrr s aaaaaaaa s =t m 0 00 do not go beyond the extent of laser beam size in laser forming
e Lo m R xm oA R A . and therefore the minimal spacing equals the laser beam radius. In
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0BF - -~ » s x x mx xxxxxxxxxnannsx-- -4 addiion, toosmall spacingimplies more scanning and thus longer
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Fig. 12 Strains along the principal curvature directions on the
planar developed shape of the saddle case  (the segment length

represents the strain magnitude and the segment orientation Fig. 14 Magnitude of principal curvatures of the saddle shape
represents the strain direction ) showing that they have both positive and negative values
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Fig. 15 Typical simulation results showing temperature and
compressive plastic strain rise do not go beyond the extent of
laser beam size (beam diameter is 4 mm, scanning path at y
=0 mm, square 1010 steel plate of 80 by 80 by 0.89 mm ) [5]

20 30 40 S0 60
x (mm)

time to form a part. The strain distribution over the entire plate. 17 Ootimal planning of | th h in i d
should also be considered in determining the spacing of adjacéfq‘ ptimal planning of laser paths ~ (shown in lines ) an

. . ating condition  (power shown in watts and scanning speed
paths. The regions of a shape that has larger strains need tosﬁ)&m in numbers with unit of mm  /s) for the saddle shape.

scanned with denser paths. As a rule of thumb, spacing betwegfly 4 quarter of the paths /condition is shown due to symme-

two adjacent pathdd pains, Should be equal to strain generated byry. Material is 1010 steel. Beam spot size is 6 mm. The dotted

laser forming,e ,ser, Multiplied by laser beam spot sizéy,se; line represents a scanning path on the opposite side of the

and divided by the average principal strain over the spacing. Aplate and other paths on the opposite side  (similar to the ones

other consideration is where to not place a scanning path or wherethe side shown ) are not shown for viewing clarity.

to terminate a scanning path. If a region has strains smaller than a

particular value of the maximum strain in the plate, say 5%, no

scanning paths are placed there. Similarly, if the strain alongsaanning paths are perpendicular to the principal curvature direc-

scanning is smaller than a particular value, the scanning pathtisns. This is also the case for Fig. 17 where the directishswn

terminated at that point. in Fig. 12 are not shown for viewing clarity. In the pillow case

Figures 16 and 17 show the scanning paths determined usthg regions around the mid edges have larger strains, while re-

the above principles and guidelines in order to form the pilloyions at the corners and the center of the plate have smaller

shape and saddle shape, respectively. The power and scansingins. Based on previous discussions, the laser paths should be

speed shown will be explained in the next section. As seen fromositioned denser around the mid edges of the plate. On the other

Fig. 16 (only a quarter of the plate is shown due to symmetiye hand, in the saddle shapenly a quarter of paths are shown due to
symmetry, the strains are larger at the center of the plate and
become smaller towards the eddEgy. 12). Therefore, laser paths
should be denser at the center of the plate. Regions with strains
less than 5% of the maximal strain of the plate, no paths are
placed. A laser path terminates where the corresponding strain is
less than 5% of the maximum strain along the path. As seen, the
determination of the scanning paths involves certain practical con-
siderations which are included in the database shown in Fig. 1 and

76 the solution is obviously not unique.

40
P=4
P=6)

30

P=53

5 Heating Condition

- The final stage of 3D laser forming design is to determine the
7 heating condition. If the plate dimension and the laser spot size
are given, the heating condition that needs to be determined in-
cludes laser power and laser scanning velocity. In this study, the
32 selected samples are 1010 steel coupons with dimension of 80 by
80 by 0.89 mm. Figure 18 shows principal minimum strain aver-
aged over a beam spot size as a function of laser power and
27 scanning velocities determined via finite element analysis of
4500 —SS0W single straight-line(independentlaser scanning of a plate with
‘i i PO PeSqW the above material and dimension. Detailed FEM modeling de-
U 10 20 m g[] scription can be found in Liu and Yd46]. This relationship is part
of the database shown in Fig. 3. As seen, there are many possible
combinations of power and velocity to realize a given strain. The
Fig. 16 Optimal planning of laser paths  (shown in line seg- strategy to determine the heating condition is summarized below.

ments ) and heating condition  (power shown in watts and scan- First, .the in-plane strains along a scannir_\g pa_tth determined in
ning speed shown in numbers with unit of mm  /s) for the pillow the section 4 are averaged and checked with Fig. 18 and a laser

y(mm) 20
P=45]

10

(i)

shape. A quarter of a 80 by 80 by 0.89 mm plate is shown due to power level is chosen. This step is to ensure that the power level
symmetry. Material is 1010 steel. Beam spot size is 6 mm. chosen is readily available in the existing laser forming equip-
Shown in background are strains. ment. The laser power is kept constant for the laser path. The next
Journal of Manufacturing Science and Engineering FEBRUARY 2004, Vol. 126 / 7
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-, Fig. 19 Laser formed pillow and saddle shapes using the pro-
f cess plans shown in Figs. 15 and 16, respectively (1010 steel

jt\ plate of 80 by 80 by 0.89 nm, beam diameter is 4 mm )
Fig. 18 Average principal in-plane strain vs. power and veloc- compare the geometry of formed shape under the determined con-
ity from FEM analysis. The average is carried out over the laser ditions and desired shape. Only the geometry of top surface of the
beam radius (beam diameter is 4 mm, square 1010 steel plate of plate is measured and a general agreement can be seen from the
80 by 80 by 0.89 mm ) [6]. figures. There is about 10% error for the saddle case especially at

the corners seen from Fig. 21. Possible sources of error include
the average and lumped method used to determine strains of path
step is to determine the velocities along the path. In general, thegments, and the approximate method used to determine the laser
strain distribution along the path is not uniformly distributedpower and scanning velocity based on independent scans. After
therefore the velocity ideally should vary with the strain along thell, a strain field required to develop a curved shape to its planar
path. Practically, a laser path is broken into several segmentssé@pe is continuous in nature while the laser forming process uses
that in each segment the strain variation is not larger than, say, &/8liscrete number of paths to approximate the strain field.
of the maximum strain along the path. A constant velocity is pre-
scribed for each segment based on the average strain of the seg-
ment, predetermined laser power, and the existing relationship
shown in Fig. 18. The average strain of the segment is obtained Desired shape
averaging the strain along the segment, followed by lumping ti 8 e Ezxperimental result
strain between adjacent paths. - .
The heating condition for the two desired shapes is decidg
following the above strategy and superposed in Figs. 16 and :E
respectively. Generally, regions requiring high strains get high™
power levels and lower velocities prescribed simply because mc g
energy input is required. For example for the patlk-ad0 mm in
Fig. 16, where the highest strain is required, the power is highe
at 650 W for the path. At locations negre=0 on the path, the
strains are larger, therefore the velocity is lowastQ7 mm/s).
As the path moves toward the center, the velocity increas
sharply, due to the quick drop of strain. Since the strain gradie
along the path slows down towards the center of the plate, ti. 0 0
segment spacing becomes larger accordingly. On the contrary, Hi1e
principal strains are larger at the center of the plate for the sad h%o
case shown in Fig. 17, and therefore the spacing of the adjacent
paths are denser. But the strain gradients are larger towards ec' =~
and corners of the plate, the segment spacing is therefore sme
towards the edges and corners. 48~

20 Comparison of desired and measured shapes of the
w case (an array of 7 by 7 points measured by CMM )

—— Desired shape
—————— Exzperimental result

6 Experimental Validation 24

Laser forming experiments were conducted on 1010 steel cc
pons of dimension of 80 by 80 by 0.89 mm, the same as usedg
simulation. The scanning paths and heating condition in the e%
periments are shown in Figs. 16 and 17 for the pillow and sadc
cases, respectively. The laser system used is a PRC-15Q0 ¢ ,, |

laser, which has a maximum output power of 1,500 W. Lasi 80
beam spot size used is 4 mm. Workpiece movement was cc €0
trolled by Unidex MMI500 motion control system, which allows .48 o
convenient specifications of variable velocities along a path wi 80 &0 0 20

smooth transitions from segment to segment. & o 0

Figure 19 shows the formed pillow and saddle shape under
these conditions. A coordinate measuring mac®&M) is used Fig. 21 Comparison of desired and measured shapes of the
to measure the geometry of the formed shapes. Figures 20 ands2ddle case (an array of 7 by 7 points measured by CMM )

¥ (mm)
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7 Conclusions K={E(E,G,—2F,G,+G2)+F(E,G,— E,G,— 2E,F
Reconstruction of the desired doubly curved shapes shows the _ _ 2

strain field determination based on principal curvature formulation TABF, —2F,Gu) T G(EG,—2BF, TE,)

and minimal strain optimization is effective and of sufficient pre- —2(EG—F?)(E,,—2F,,+ G ) /4 EG—F?)? (A1)

cision. The concept of determining a strain field required to d

velop a given curved shape to its planar shape as the first ste;%f)?m the definition of first fundamental form coefficieris. (4)

process planning for laser forming is of merit. Placing scanni d(1D,

paths perpendicular to the principal curvature directions, namelyR . R.= (R us+ R,vs)- (Ryus+t Ruvs):eUﬁJrZ fugs+ gv§

along the line of curvatures of a desired shape proves to be un-

ambiguous and easy to implement. Practical constraints need to be s Is= (I Us+ 1) (r Us+ o) =EuZ+2Fugw+ Go?

combined with analytical ones in determining path spacing and (A2)

heating condition. There is a trade-off between forming accuraggmg Egs.(Al), (A2), and(14), one obtains

and efficiency by carefully choosing density of scanning paths an )
path segments. eus+ 2 fuggst gvS (1+ Ss) (EUS+ 2FugstGug). (A3)

Similarly, along the minimal principal curvature direction, one
Acknowledgment obtains

Support from NSF under grant DMI-0000081 is gratefully ac- ew’+2 fuw+gvi=(1+&")2(EU2+2Fuw+Guv?) (A4)

knowledged. Valuable discussions with Prof. T. Maekawa of MIT
are also appreciated. Assume the principal curvature directions remain orthogonal after

development, which implies

Appendix Rs- Ry=(RyUs+ R,vg) - (Ryu+ R,vy) = €UgUy + f(Uguy+ Uws)
Equation(9) shows Gaussian curvatukeis expressed in terms _

of the first and second fundamental form coefficients of a surface. +gusw=0 (A5)

In practice,K can be alternatively expressed as a function of thequationgA3) to (A5) represent a system of three linear equations

first fundamental form coefficients and their derivatiy&g]. in e, f, andg, which are solved as

v

|
VI EU2+2Fug g+ Gu2](1+ %2+ v EUl+ 2Fuw+ GuZ](1+&!)?
(vgUi— usvt)2
U EU2+ 2FUgn s+ Gu2](1+ &%) %+ Ugw  EUZ+ 2F U+ Gu2](1+Y)?
f=— 5 (AB)
(vsUy—Usvy)

ut[Eu +2Fugwst+ Gu2](1+ &%)+ U EU?+ 2Fuw + Gu?](1+&")?

(vsUi— sUt)
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