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SUMMARY

This paper presents algorithm for development of structural and continuous curved surface into a planar and
non planar (radial) shapein 3D space. The devel opment process is model ed by application of strain in certain plane
from the curved surface to its planar development. A doubly curved surface has been generated for the purpose of
technical studies. Important features of the approach include formulations of the coefficients of first fundamental
form, second fundamental form, Gaussian curvature and Serret Frenet curve. The approximate strain field is obtained
by solving a constrained linear and nonlinear problemin algorithm.

Keywords: doubly curved surface, fundamental forms, Frenet curve radius, Gaussian curvature, strain field,

Serretangle.

1. INTRODUCTION

Shape design and representation of complex objects
such as car, ship, airplane, etc., could not be achieved
through wireframe modeling. These objects are better
modeled through surface modeling. Generation of
surfacein general requires some quantitative data, such
as a set of points and tangents as well as some
qualitative data, such as intuition for the desired shape
and smoothness. The choice of the surface geometry
depends upon the application and the manufacturing
methods needed to produce the surface. Polynomial
functions are easy to dea with [1]. The higher order
polynomials are avoided for surface design problems
due to large number of coefficients, which make it
difficult to control the resulting surface. For most
practical surface applications, cubic polynomials are
sufficient.

Two kinds of surfaces, developable surfaces and
non-developable surfaces are used in engineering
applications [2, 3]. These are aso called as ‘singly’
and ‘doubly curved surfaces respectively. A

developable surface has zero values of Gaussian
curvature at al points while anon-devel opable surface
has non-zero values of Gaussian curvature at least in
some region [4].

A developable surface is highly favorable in metal
forming sinceit can beformed only by bending without
any tearing and stretching. However surfaces of many
engineering structures are commonly fabricated as
doubly curved shapes to fulfill the functional
requirements such as hydrodynamic, aesthetic or
structural.

For example, a large portion of shell plates of ship
hulls or airplane fuselages and prosthetic sockets are
doubly curved surfaces[5]. Given athree-dimensional
design surface, which represents a face of a curved
plate or shell, thefirst step in the fabrication processis
flattening or planar development of this surface into
planar shape. So that the manufacturer can determine
theinitial shape of theflat plate, also many estimatethe
strain distribution required to obtain the desired shape.
A planar development corresponding to minimum
stretching or shrinkage is highly desirable because it

ENGINEERING MODELLING 20 (2007) 1-4, 1-8 1



A. Tiwari, A. Chatterjee, V. Pathak, SG. Dhande: Strain field in doubly curved surface

saves material and it reduces the work required. Early
surface development procedures were implemented in
shipyards based on geodesic development during the
last three decades, mainly for ship hull plates, whose
Gaussian curvature is very small [4]. Manning [6] has
developed a procedure for surface development based
on an isometric tree. A tree of lines with a spine and
branches was first drawn on the curved surface. Then
these were devel oped isometrically onto planar curves,
using the geodesic curvature of the spine and branches
on the surface as the curvature of the planar curves.
The envelope of the developed pattern formed the
planar developed shape. The shape of planar
development is dependent on the choice of the spine
and branch curves. The stretching along both spine
and branch curves was zero. Hinds [ 7] has developed
patterns for simple surfaces that have been considered
in terms of Gaussian curvature. Patterns are derived
for eliptic and hyperbolic curvature regions. Similar
methods have been applied to garment piecesthat have
been defined as 3D mathematical models at a
workstation. Approximations have been applied to
patterns to reduce the complexity to a level that is
acceptable to the clothing industry. The limitation of
the method is that the devel oped shape depends on the
choice of starting edge. If used in metal forming, it is
not guaranteed that the forming process would be
realizable from the planar shape to the curved shape.

2. LITERATURE SURVEY

Letcher [8] has presented a basic geometric theory
for flattening and fabrication of doubly curved plates.
The mapping from the curved surface to its planar
development has been obtained by adding in-plane
strain to the curved surface. The strain field has been
obtained by solving a generalized Poisson’s equation
with the source term equal to the Gaussian curvature.
Cho [9] has presented an algorithm to approximately
develop a doubly curved surface by minimizing the
mapping error function for locally isometric mapping
between a given and developed surface net. The
method has been applied to construct an auxiliary planar
domain of triangulation for tessellating trimmed
parametric surface patches, which sufficiently
preserves the shape of triangles when mapped into
three-dimensional space. Cho’'s method for metal
forming has some inherent problems. Azariadis [10]
have dealt with the approximate design of planar
development of doubly curved surfaces and their
refinement in order to deriveafinal pattern with limited
gaps and overlaps. They have divided the problem of
planar development into three stagesi.e.:

« Stage of defining the starting guide strip,

» Stage of designing theinitial pattern, and

» Stage of refinement.

The method dealing with first stage of problem is
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based on elements of geodesic and Gaussian curvature.
They have aso presented an alternative technique of
generating an initial planar development of doubly
curved surface. Yu [4] has presented algorithms for
optimal development (flattening) of a smooth
continuous surface embedded in three-dimensional
space into planar shape.

The development process has been modeled by in-
plane strain (stretching) from the curved surface to its
planar devel opment. Thedistribution of the appropriate
minimum strain field has been obtained by solving a
constrained nonlinear programming problem. Based on
strain distribution and coefficients of the first
fundamental form of curved surface, another
unconstrained nonlinear programming problem has
been solved to obtain the optimal developed planar
shape. Michael [5] have presented an optimal approach
to laser scanning paths and heating condition
determination for laser forming of doubly curved
shapes. Important feature in their approach includes
strain field calculation based on the Serret Frenet
curvature formulationsand minimal strain optimization,
and scanning paths and heating condition determined
by combining analytical and practical constraints.

Different curved surfaces have been shown in
Figure 1 considering single, double and triple curve
states.

Q 2.5 5 T3 10 125 15 175 20

Fig. 1 Curved surfaces: | - Support single curve state; 11 -
Support double curve state; 111 - Support triple curve state

In the present work, an attempt has been made for
optimal development of a doubly curved surface such
that the strains from the surface to its planar
development are minimized. The development from
curved surface to planar shape is modeled by in-plane
strain methodology. An example has been solved, where
the surface has both positive and negative values of
Gaussian curvature.
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3. GENERALIZATION OF DOUBLY
CURVED SURFACE

Anarbitrary surfaceisnot defined globally, but only
at someloca points. Asaresult, thelocal shape can be
known and be determined by the derivatives of the
surface vector. The nature of local shape is classified
into four cases according to the Gaussian curvature
K1, K, and the coefficients of the second fundamental
formviz. L, M and N at a point. The commonly used
surfaces are:

(i) elliptic surface, which has positive Gaussian
curvature. In Figure 2, the inter section of K, and
K, curves denote the positive Gaussian curvature
(peak representation).

Minimum Gaussian curvature
Fig. 2 Elliptical doubly curved surface

Maximum Gaussian curvature

(ii) hyperbolic surface, which has negative Gaussian
curvature. At a point where surface is neither
concave nor convex but a surface with aradius of
curvature tending towards infinity is known as
saddle point, Figure 3.

Fig. 3 (a, b) Hyperbolic doubly curved surface of saddle

(i) parabolic surface, which has zero Gaussian
curvature, Figure 4.

Fig. 4 Parabolic doubly curved surface

(iv) planar surface, which has zero Gaussian
curvature, Figure 5 and L=M=N=0.

Fig. 5 Plane doubly curved surface

The conditions in each case are to be satisfied at
all major points. A doubly curved surface, Figure 5,
generally requires both in-plane and bending strains
to form. For thin plates, in-plane strain is usually
much larger than the bending strain and therefore only
the former is considered. A doubly curved surface
has been generated for the purpose of study in this
work. The surface has a form of Bezier surface as
shown in Figure 6.

flu,v)

Fig. 6 The generated shape

Points on the Bezier surface are given by the
following equation[1]:
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m n
PUV)=> > RBa(W)Bm(v) @
i=0 j=0
where uyv € [0,1], P; isthe ijth control point. These
points form the vertices of the control or characteristic
polyhedron of the resulting Bezier surface;
Bj n(u)=C(n,i) u'(1-u)™ where C(n,i) is the binomial
coefficient and isgiven as.

. n!
(N = vy

In the design environment, the Bezier surface is
superior to bi-cubic surface because it does not require
tangent or twist vectors to define a surface. Its main
disadvantage is the lack of local control. By changing
one or more control points affects the shape of whole
surface. The user cannot change the shape of part of
the surface also. Therefore a bi-cubic Bezier surface
has been selected to have more control over the surface
[1]. For abi-cubic Bezier surface patch, sixteen points
are required to determine the surface patch [5]. The
point on the surface patch can be expressed in the
matrix form [1]:

(1v)°
y 3v(1-v)2
32 (1-v)

V3

P(uv)=| (u)* 3u(1-u)® 3u? (1-0)u* |xQ

(2
where Q is a matrix having (m+1) rows and (n+1)
columns containing sixteen control points.

The following control points for the surface
generation have been taken:

{(0,0,3), (0,1/3,2.89), (0,2/3,2.31), (0,1,1.5)},
{(1/3,02.89), (1/3,1/3,2.79), (1/3,2/3,2.25), (1/3,1,1.47)},
{(2/3,022.31), (2/3,1/3,2.25), (2/3,2/3,1.89), (2/3,1,1.31)},
{(1,0,1.5), (1,1/3,1.47), (1,2/3,1.31), (1,1,1)}.

3.1 Surface representation

The function P(u,v) at certain valuesu and v is the
point on the surface at these values. The general way
to describe the parametric equation of a three-
dimensiona curved surface in spaceis:

P(uM=[x y ZT=[x(uy) y(uy) Zuv)]™  (3)
where UinS U <Upo s VininS V <SVax

The above equation suggests that a genera three-
dimensiona surface can be modeled by dividing it into
an assembly of topological patches. A patchisconsidered
the basic mathematical element to model a complete
surface. Some surface may consist of one patch only
while others may be afew patches connected together.
The topology of the patch may be rectangular or
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triangular. There are two types of surfaces, analytic and
synthetic. Analytic surfaces are based on wireframe
entities and synthetic surfaces are formed from a given
set of data points or curves. The tensor product method
is the most popular and is widely used in surface
modeling. The tensor product formulation is amapping
of arectangular domain described by the u and v values.
Tensor product surfaces fit naturally onto rectangular
patches [11]:

u - Lif i=j For first domain
] 10, if i# | (bydefinition of Kronecker delta)

J 1Lif i=j For second domain
J {0, if iz j} (by definition of Kronecker delta)
There is a set of boundary conditions associated
with arectangular patch. There are sixteen vectors and
four boundary curves, shown in Figure 7. The vectors
are four position vectors for the four corner points,
eight tangent vectors and four twist vectors at the
corner points. Geometric surface analysisis performed
using principles of differential geometry. The
parametric surface P(u,v) is directly amenable to
differential analysis. There are intrinsic differential
characteristics of a surface such as the unit normal
and the Serret Frenet curvatures and directions which
areindependent of parameterization.

4. FIRST FUNDAMENTAL FORM

The tangent vector at any point P(u,v) on the
surface is obtained by keeping one parameter as a
constant and differentiating position vector of the point
with respect to the other.

These vectors are given by:

P (uVv)=6P/du=x/du i +8yldu j +oz/du k  (4)
where  UpinSUSUmaxs  VminSV<Vmax aong the
v=constant curve, and:

P (U\V)=06P/ov=0xI6v i +dyldv | +6zZl6v k  (5)
where UpinSUSUmax » VminSV<Vmax aong the
u=constant curve. Tangent vectors are useful in
determining boundary conditionsfor patching surfaces
together. The magnitudes and unit vectors of the
tangent vectors are given by:

|Pu|:\/{( oxlou)® +( oylou)? +( az/au)z} (6)

|PV|:\/{( ooy’ +( oylov)? +(adov)f | ()

nU: PU / |PU| nV: PV / |PV| (8)

Twist vector at a point is the rate of change of the
tangent vector P, with respect to v or vice-versa. The
twist vector depends upon both the surface geometric

characteristics and its parametrization. The twist vector
can be written in terms of its Cartesian components as:
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Fig. 7 A parametric surface patch with its boundary conditions

§
Puv=[62x/auay 82yl dudy azz/auay] =

=%x/oudy i +0%yloudy j+0°zioudyk  (9)
where Upin< U SUpaw YminS V <Vyax
The normal to the surface is another important
analytical property. The surface normal at a point is a
vector, which is perpendicular to both tangent vectors
at the point, that is:
N (u,v)=(8P/ou)x(oP/6v)=P xP, (10)
and the unit normal vector is given by:
n=N/|[N[=(PxP,) /| PxP,| (12)
The calculation of the distance between two points
on a curved surface becomes an important aspect for
surfaceanalysis. Theinfinitesimal distance between two
points (u,v) and (u+du, v+dv) on asurfaceis given by:
ds? = Pu-Pu du?+2Pu-Pv du dv+Pv-Pv dv2 (12)
Equation (12) is called as the first fundamental
quadratic form of the surface and is written as:

ds?=E du?+2F du dv+G dv2 (13)
where: E(u,v) = PPy
F(uyv) = PPy
G(uyv) = PP,

E, F and G are the first fundamental or metric
coefficients of the surface. These coefficients provide
the basis for the measurement of length and areas, and
the specification of directions and angles on a surface.

4.1 Second fundamental form

The first fundamental form yields no information
on how surface curves away from the tangent plane at
that point. To investigate the surface curvature, another
distance perpendicular to the tangent plane at P(u,v) is
introduced and is given by:

Yadh? = n-P, du? + 2n-P, du dv + n-P,, dv? (14)

The above equation is often called the second
fundamental quadratic form of the surface and is
givenas:

Ydh?=L du?+2M dudv+Ndv?  (15)
where L(u,v)=n-P,, M(u,v)=n-P,,, N(u,v)=n-P,,
L, M and N are the second fundamental coefficients,
L, My, Ny and Ly, My, N, are direction cosine of the
plane surface and form the basis for defining and
analyzing the curvature of a surface:

LL; + MMy +N Ny
\/(le+ M2 + le)*\/(Lzz + M2+ NZZ)

(16)

cos(6) =

LL, + MM, +N N,
\/(L2+ M2 + Nz)*\/(LZZ + M2+ NZZ)

(17)

cos(@) =
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4.2 Gaussian curvature

The surface curvature at the point on a normal
section curve given by the form {u=u(t), v=v(t)} can
be written as [4]:

Lu?+2Muv +Nv2
k=222 : 2
Eu“c+ 2Fuv +GV
The radius of curvature at the point is r=1/x,.
The above equation gives the surface curvature in
any direction at point P(u,v). During analysis of curved
surface two curvatures viz. Gaussian curvature and
mean curvature are used. The Gaussian curvature (K)
and mean curvature (H) are defined by Michael [5],
Zeid [1] and Carmo [12] as.

(L>< N)
lexe)F7 4

(18)

_(E>< N)+(GxL)-(2xF x M)
"= 2><((E><G)—F2) )

4.3 Serret Frenet curvature

The values of Gaussian curvature and mean
curvature are used to obtain the Serret Frenet
curvatures [13], which are the upper (maximum) and
lower (minimum) bounds on the curvature at the point

[1]:

dr
t=—
s (21)
dt
—=kn
s (22)
@ =-kt+7b (23)
ds
@ =-7Nn 24
s (24)

Itisclear that t, n and b are mutually perpendicular
to each other, Figure 8. If we consider t, b and n are
vectors quantity, therefore:

b=txn 0)
t=nxb (ii)
n=hxt (iii)

Now, we can find the relation between Gaussian
curvature (K), mean curvature (H) and Serret Frenet
constant (x).

The curvature constant (k) has been defined two
types from Egs. (25) and (26):

() Kmax 1S Maximum geodesic distance between

doubly curve surface, and

(i) Kmin 1s minimum geodesic distance between

doubly curve surface, see Figure 3, as:
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Fig. 8 Doubly curved surface

5. DETERMINATION OF STRAIN FIELD

During metal forming by line heating [14], the
strains due to development from curved surface to its
planar development are:

eluv) =20
and:
e'(uv) = 0.

Normal strains are a non-dimensional quantity
defined by theratio of extension or shrinkage of afiber
and its original length as shown in Figure 9. After
surface development, an infinitesimal length
| P,du| changes to (1+&Y) | P du| and an infinitesmal
length | Pvdv| changes to (1+¢Y) | Pvdv| .

207

development

R=R{uyv)

Fig.9 Curced surface and its planar devel opent

Thus we have:
Ipl=@+en [P, ], Ip,l=(+e) IP,|  (27)

where p(u,v) is the planar development. The first
fundamental form coefficients of the devel oped surface
p(u,v) are given by Yu [4]:

€=p, Py
f=p,-py (28)
g=py, By
After substituting Eq. (27) and the relations:
I:)u'pu:|pu|2’ pv'pv:|pu|2
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into Eq. (28), the coefficients of the first fundamental
form of the planar developed surface are [4]:

e= (1+&92E
f=(1+e¥) - (1+eY) F (29)
g=(1+&9)2G

It is therefore required to minimize the strains
e(u,v) and eY(u,v), which satisfy the condition that
after adding these strains to the doubly curved surface,
it maps to a planar shape on which the Gaussian
curvature is zero. This minimization is done in an
integral sense using the squares of the strains.

This results are presented as follows [4]:

minf (e + (o) <R e o=
“minf {(e*)"+ (o) | [E0-F) aww

Such that:
0={e(gg,- 2f,0,*+ 9, +

+ f (eugv - evgu - zeV fV + 4eu fV - 2ngU) +
+9 (g9, —2e,f,+e? -
—2(eg —f (g, — 2f,,, + g,)}/4(eg — f 22 (31)

where:  &¥(u,v) > 0,
&Y(u,v) > 0, and:
(uv) € D.

This constrained minimization problem is
discretized by using the finite difference method and
trapezoidal rule of integration [15]. A grid of (Ng“xNgyY)
points in the parametric domain is used in the
discretization. Therefore, thetotal numbersof variables
are (2xNg"xNg"). To guarantee the independence of
each constraint, constraints are imposed at the internal
points of the grid, so there are [(NgU—Z)X(NgV—Z)]
constraints. After discretization, the objective function
becomes [4]:

(30)

(32)

where following the trapezoidal rule of integration
[10]:
055 = 1 when l<i<Ng“; 1<j<NY,
og; = 0.5 when l<i<Ng“; j=lor j=N}",
o= 05 when i=1 or i:Ng“; 1<j<NY, (33)
o5 = 0.25 wheni=j=1or i:NgV, j:NgV,
o5 = 0.25 when i:Ng“, j=lori=1, j:NgV,

We use second order central difference methods to
approximate all the derivativesin Eqg. (31) at theinternal
points of the grid. After discretization, we obtain a

nonlinear optimization problem with a convex cost
function and nonlinear polynomial constraints. This

nonlinear programming problem is solved using the
Matlab routine fmincon, which is designed to solve the
nonlinear programming problem. In implementation of
this work, the starting point of the minimization is that
all the strains are chosen to be zero.

6. RESULT

In the present work, the entire surface has been
divided into 25 grid points. For the purpose of studies,
number of grid points has beentaken as5 (that isNg=5
and Ng¥=5). The strain distribution after the
constrained minimization problem was solved using
tolerances of 102 for the constraints and 10-3 for the
objective function. The strains are scaled to fit into the
figure (Figure 10).

Bottom face c

CPT Time in

Minimum CPU time

Fig. 10 Graph between Grid values (N4, Ng¥) and CPU time

The extreme values of the strain field are located at
(u,v)=(0.5, 0.25) with (&4,")=(0.023591, 0.389654).
The objective function converges to the value of
2.56814x103 at the solution. All the constraints have
been found within the tolerance of 1x10-2. Table 1
shows the CPU time spent in optimization for various
numbers of grid points and the values of objective
functions. In this table Ny represents the number of
grid points in both u and v directions, Niter is the
number of iterations, obj is the converged value of the
objective function in the optimization process and CPU
time is time spent on the optimization.

Tablel CPU timefor each optimization at various number of

grid points
Grid Niter Obj (107 CPU Time
Poaints (Ny) (seconds)

5 3 2.56814 0.61

7 8 2.49626 8.53
10 7 2.46140 33.00
15 13 2.44710 366.71
20 33 2.39968 7862.68
25 40 2.38560 13210.65
30 52 2.36140 20100.20
40 57 2.35110 29265.40
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7. CONCLUSIONS

The value of strain is greater than compared to the
surfaces having positive or negative values of Gaussian
curvature only. The number of grid points should be
kept at around 30 because any further increase in
number of grid points does not significantly decrease
the objective function value but increases number of
iterations as well as CPU time. As the number of grid
pointsisincreased, the CPU time, which istime taken
to optimize the objective function increases drastically.
The values of the objective function and the constraints
are within the tolerance limit. The values of the
constraints will never be zero.

8. REFERENCES

[1] I. Zeid, CAD/CAM Theory and Practice, Tata
McGraw-Hill Publishing Ltd., New Delhi, 2003.

[2] A. Friedman, Mathematics in Industrial
Problems, The IMA Volumesin Mathematicsand
its Applications, Volume 100, Part 10, Springer,
1998.

[3] H. Bin, JA. McGeough and H. Wu, (Eds.),
Computer-Aided Production Engineering: CAPE
2001, Professiona Engineering Publishing, 2001.

[4] G Yu,N.M.Patrikalakisand T. Maekawa, Optimal
development of doubly curved surfaces,
Computer-Aided Geometric Design, Vol. 17, No.
6, pp. 545-577, 2000.

[5] M.J. Wozny and U. Cugini, (Eds.), From
geometric modeling to shape modeling, IFIPTC5
WG5.2 7th Workshop on Geometric Modeling,
Parma, October 2000, IFIP Conf. Proc., Kluwer
Academic Publishers, 2001.

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

J.R. Manning, Computerized pattern cutting:
Methods based on an isometric tree, Computer-
Aided Design, Vol. 12, No. 1, pp. 43-47, 1980.
B.K. Hinds, J. McCartney and G. Woods, Pattern
development for 3D surfaces, Computer-Aided
Design, Vol. 23, No. 8, pp. 583-592, 1991.

J.S. Jr. Letcher, Lofting and fabrication of
compound-curved plates, J. Ship Research, Vol.
37, No. 2, pp. 166-175, 1993.

W. Cho, N.M. Patrikalakis and J. Perarire,
Approximate devel opment of trimmed patchesfor
surfacetessellation, Computer-Aided Design, Vol.
30, No. 14, pp. 1077-1087, 1998.

P. Azariadis and N. Aspragathos, Design of plane
developments of doubly curved surfaces,
Computer-Aided Design, Vol. 29, No. 10, pp.
675-685, 1997.

L.P. Lebedev and M.J. Cloud, Tensor Analysis,
World Scientific Publishing, Singapore, 2003.
P.M. Do Carmo, Differential Geometry of Curves
and Surfaces, Prentice-Hall, Englewood Cliffs,
New Jersey, 1976.

G-J. Wang, K. Tang and Ch.-L. Tai, Parametric
representation of a surface pencil with acommon
spatial geodesic, Computer-Aided Design, Vol. 36,
No. 5, pp. 447-459, 2004.

H.B. Clausen, Plate Forming by Line Heating,
Ph.D. Thesis, Department of Naval Architecture
and Offshore Engineering, Technical University
of Denmark, Lyngby, 2000.

G Dahlquist and A. Bjorck, Numerical Methods,
Prentice-Hall, Englewood Cliffs, New Jersey,
1974.

POLJE DEFORMACIJA NA DVOSTRUKO ZAKRIVLJENOJ PLOHI

SAZETAK

U ovom radu predstavija se algoritam za razvoj konstrukcijske i kontinuirane zakrivijene plohe u ravni i zakvivijeni
(radijalni) oblik u 3-D prostoru. Razvojni proces je modeliran primjenom deformacije na odredenoj plohi od
zakrivljene plohe do ravne. Dvostruko zakrivljena ploha proizvedena je zbog tehnickog proucavanja. Vazne znacajke
pristupa ukljucuju formulaciju koeficijenta prvog osnovnog oblika, Gaussove zakrivijenosti i Serret Frenetove krivulje.
Aproksimacijsko polje deformacija dobije se rjesavanjem neprirodnog linearnog i nelinearnog problema u algoritmu.

Kljuéne rijeci: dvostruko zakrivljena ploha, osnovni oblici, radius Frenetove krivulje, Gaussova zakrivljenost,

deformirano polje, Serretov kut.
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