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Розглянуто особливості отримання па-
нелей подвійної кривизни з нерегулярною 
внутрішньою структурою з використан-
ням перспективного технологічного про-
цесу формоутворення місцевим згинан-
ням з посадкою (розведенням). Наведено 
опис обладнання і методика розрахун-
ку необхідної кількості місцевих впливів 
для отримання панелей необхідних форми 
і розмірів. Проведено експериментальне 
дослідження точності одержуваних роз-
мірів шляхом порівняння вимірів висот 
точок формованої панелі з розрахункови-
ми значеннями координат панелі

Ключові слова: подвійна кривизна, нере-
гулярна внутрішня структура, посадка, 
пластична деформація, прогин

Рассмотрены особенности получения 
панелей двойной кривизны с нерегуляр-
ной внутренней структурой с использо-
ванием перспективного технологическо-
го процесса формообразования местной 
гибкой с посадкой (разводкой). Приведены 
описание применяемого оборудования и 
методика расчета необходимого количе-
ства местных воздействий для получения 
панелей требуемых формы и размеров. 
Проведено экспериментальное исследо-
вание точности получаемых размеров 
путем сравнения замеров высот точек 
формованной панели с расчетными значе-
ниями координат панели

Ключевые слова: двойная кривизна, не- 
регулярная внутренняя структура, посад-
ка, пластическая деформация, прогиб
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1. introduction

Ribbed panels made in one piece are used in aircraft con-
struction and shipbuilding. They are called monolithic pa-

nels. Such panels are obtained most often by rolling or pres-
sing in a flat form. To form panels according to the contour of 
the product, straightening and refinement of the panel shape, 
shot peening, free local bending, rolling and other processes  
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are widely used. These methods enable obtaining panels of 
just a small double curvature with nonrigid ribs since they 
do not provide joint deformation of the panel sheet and ribs. 
Besides, known methods do not ensure sufficient accuracy 
and necessary productivity of the forming process. For ming 
of monolithic panels is a serious technological problem in 
connection with the tendency of increasing panel sizes. 
Simultaneously, complication of aircraft shapes takes place 
which is caused by improvements in aerodynamics. Strength 
of aircrafts becomes higher, which is expressed in the applica-
tion of an irregular structure inside the panels. Shape-forma-
tion of such panels requires a combination of several known 
methods for various sections of the panel, e.g. free bending for 
thickened sections and shot peening bending for sections of 
uniform thickness. Panels should be formed by highly skilled 
personnel and the probability of rejects must be minimized 
because of high cost of the work stock.

Modern aviation structures are designed using computer 
integrated CAD/CAM/CAE technologies and significant 
volumes of parts are produced using CNC equipment. How-
ever, majority of the manufacturing processes related to 
forming and shape refinement are performed manually or 
with the help of such simple devices as free-bending dies 
which cause serious shaping errors. The main components 
of the errors in the final panel shape are errors of mechanical 
processing, the errors caused by internal residual stresses, in-
duced stresses, machining, shaping, shape measurement and 
the errors of the refinement processes.

In practice, probability of the shape-change errors and 
the errors of refinement processes is so high that the actual 
aircraft contours do not always satisfy the design require-
ments because of their deviations. Therefore, elaboration of 
a technology and equipment for shape-formation of mono-
lithic panels is a relevant task. Such new technologies should 
ensure versatility and flexibility of equipment in obtaining 
various shapes of panels including those with an irregular 
structure as well as the possibility of automation while im-
proving accuracy of the shapes obtained.

2. literature review and problem statement

Obtaining of double-curvature panels from flat ribbed 
work stock as well as tapered panels in which direction of the 
ribs does not coincide with the body generatrix presents the 
greatest complexity. Fig. 1 shows main types of double-cur-
vature panels, which are widely used in aircraft products: 
fuselage and wing panels (a, b); bottom panels of hydroplanes 
and sea vessels (c, d).

Attempts to obtain double-curvature panels were made 
by many authors despite the problem complexity. Authors 
pointed out that when forming, it is very difficult to create 
a stressed state in the panel sheet material with a minimum 
level of residual stresses [1].

This problem is of great complexity if the double-curva-
ture panels have a variable internal engraving, an irregular 
cross-sectional structure (including slotted ribs, local trans-
verse thickenings and other elements) [2].

Some authors solved the problem by deforming with 
heating and it was noted that this method is not applicable for 
all aluminum alloys since heating to the temperatures of ef-
fective deformation reduces corrosion resistance of alloys [3].  
Application of drawing processes and other cold working 
processes is limited because of absence of technological 

allowances for the panel width, which is connected with 
the peculiarities of the work stock manufacture. Therefore, 
recently many authors consider obtaining of a double cur-
vature by combination of local free bending. At the same 
time, authors point out that when the panels are subjected to 
deformation, the panel ribs having rigidity much greater than 
that of the sheet exert a great influence on the deformation 
process [4, 5].

а

b

c

d

Fig.	1.	Main	types	of	double-curvature	panels:		
a –	biconvex;	b –	convexo-concave;	c –	biconcave;		

d –	concavo-convex

The processes of shot peening forming used in the indus-
try enable production of panels with a single curvature across 
ribbing or a small double curvature with a ribbing of low 
rigidity or an intermittent ribbing [6].

Manufacture of double-curvature panels with a complex 
internal engraving is characterized by a number of features. 
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In particular, such panels have various shapes and, therefore, 
various moments of inertia of the cross sections in the lon-
gitudinal and transverse directions. That is why application 
of conventional methods, e.g. free bending, for shaping such 
panels is limited or even impossible [7].

Some authors made attempts of exclusion of forming ope-
rations, e. g. operations with the use of 3D printing or metal 
composite structures [8]. It is known that such technologies 
require high-cost equipment, which is not justified under 
conditions of small-scale production.

To form panels including double-curvature panels with 
an irregular structure, a method of local deformation by 
shrinking or stretching of ribs together with the panel sheet 
has been developed by a team of authors [9]. 

When using the processes of local plastic deformation, it 
is possible to obtain any local stress-strain state in the zone 
of force action. As a local action, shrinking (shortening) or 
stretching (lengthening) of the rib together with the adjacent  
sheet and simultaneous bending of the area are used to obtain 
the required curvature.

Forming of panels of required shape and size is carried 
out by applying a large number of local actions distributed in  
a certain way [10]. However, until now, forming is carried out 
more often on the basis of the operator’s intuition since there 
are no reliable procedures for distribution of local actions.

3. the study objective and tasks 

This work objective was to study accuracy of double- 
curved ribbed panels obtained by multipoint local deforma-
tion using the proposed procedure for distribution of local 
actions.

To achieve this goal, the following tasks were accom-
plished:

– to obtain theoretical dependences of distribution of 
local actions in a symmetrical shaping of monolithic double- 
curvature panels with rigid ribs;

– to conduct experimental studies of accuracy of the 
manufactured double-curvature panels;

– to test the procedure for calculating the shaping pro-
cess and formulate recommendations for manufacture of 
double-curvature panels.

4. methods and equipment used in the studies 
of manufacturing ribbed doublecurvature panels  

by local deforming

On the basis of the described features, a process and an 
apparatus for its implementation have been developed in 
which the panel section is deformed together with the ribs in 
the jaws holding simultaneously the section of the web and 
the ribs (Fig. 2). If necessary, the device also enables bending 
of the panel section together with the rib in its plane. Bending  
can proceed in both directions, and deformation of the sheet 
is done by shrinking or stretching. The device is quite ver-
satile and can be used to obtain a variety of panel shapes in  
a wide range of their cross-sectional sizes. It can be installed 
in an industrial press with a compacting force of 2500 kN or 
more. With a small effort, the device provides local straigh-
tening and refinement of panels by zonal deformation of the 
rib in its plane within 10–20 mm. Zonal deformation consists 
in creating a complex stressed state in a small section of the 

panel by applying compression or tensile forces together with 
a bending moment acting in the plane of the rib [10].

Within the framework of the proposed method for for-
ming double-curvature panels, a die design has been deve-
loped that enables deforming of the panel sheet together with 
bending of the rib in its plane (Fig. 2).

а b

Fig.	2.	Diagram	of	the	die	for	the	shape-formation		
of	double-curvature	panels	with	the	help	of	local	deformation	

operations:	a	–	shrinking+bending	deformation;		
b	–	the	die	cross	section	normal	to	ribbing

The die structure consists of a top (1) and a bot-
tom (2) plates, a top cage (3), segment inserts (4), a bottom  
casing (5), a spring (6), a deflection regulator (7), two power 
frames (8), top and bottom die jaws (9), a shock absor-
ber (10). Local deformation of the panel (11) is carried out 
by transferring the press force to the top cages, clamping  
jaws and to an elastic element. Flexure of the elastic element 
is set by the regulator, thereby creating curvature in the 
panel section.

In the initial position, the top jaws enable free movement 
of the panel along the axis of the rib relative to the device 
that is installed in the press. When the press applies force, 
the top pairs of jaws catch and compress the panel rib. In this 
position, the top jaws support the rib during the entire defor-
mation process. As the force increases, the rib is bent in the 
plane of the rib wall by a set angle. With a further increase in 
the press force, the left and right, top and bottom jaws con-
verge during shrinking or part during stretching.

The device design provides for implementation of modes 
of shrinking and stretching, shrinking and stretching with 
bending in one or other direction or only bending of the panel 
section in both directions (Fig. 3). 

а b

Fig.	3.	General	view	of	the	device	in	the	stretching	position:	
a	–	together	with	bending;	b	–	leader	of	the		

deformation	zone	
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As it follows from Fig. 3, b, the deformation zone is not 
localized in the space between the jaws during stretching but 
extends over large distances AB and CD. On the contrary 
when shrinking takes place, there is localization of deforma-
tion in the area between the jaws, in this case the distances 
AB and CD are equal to the distances between the right and 
the left jaws. Therefore, the use of swaging during shaping 
makes it possible to obtain large elongations at lower strain 
values in comparison with shrinking. For this reason, the use 
of swaging should be considered more preferable for shaping.

5. the procedure of distribution  
of local deformations

The essence of the process of making a panel of a complex 
shape consists in the step-by-step imparting of a generalized 
field of deformations to the panel. This field consists of a 
number of separate local deformations. The local deforma-
tions should be distributed in a certain way both across the 
panel area and in the time of their application so that the 
generalized deformations correspond to a gradual approach 
to the desired shape of the panel. Local actions should be 
distributed evenly along each rib with a step determined de-
pending on the transverse and longitudinal radii of the panel 
curvature. Distribution of local actions during forming of a 
biconvex shaped panel is shown in Fig. 4.

Fig.	4.	Schematic	of	distribution	of	local	actions	in	
forming	a	biconvex	panel	curvature:	S	is	the	dimension	

of	the	 deformed	section	of	the	panel	along	the	rib	axis	at	
a	single	technological	action;	mi	is	the	distance	between	
two	adjacent	points	of	action	in	one	rib;	ni	 is	the	number	

of	actions	in	one	rib

Consider the process of shaping from the position of se-
quence of applying actions. Let the panel shape be achieved 
by applying deformations along the x axis as shown in 
Fig. 5.

Deformations are applied sequentially along each rib 
depending on the required distribution of deformations 
when making the double-curvature shape with specified 
parameters.

Let the arc length after folding the panel cross-section is

AB R P tc= = −′γ / ,2

whence in radians

′ =
−

γ
P t

Rc

/
.

2

Fig.	5.	Calculation	diagram	of	flexural	deformations		
of	the	panel	ribs	with	formation	of	a	double	curvature:		

P	is	half	the	distance	between	the	outermost	ribs;		
t is	the	distance	between	the	ribs;	yi	 is	the	length	of	the	arc	

of	each	rib;	Zi	 is	the	coordinate	of	the	rib	relative	to	the	
neutral	surface;	ei	 is	the	flexural	deformation	

	at	the	point	of	intersection	of	the	median	surface	of	the	
sheet	and	the	rib

The maximum height of flexure of the panel cross- 
section

Z R R Rc c cmax cos ( cos ).= − = −⋅ ′ ′γ γ1

The height of flexure of the i-th rib in the cross section
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Consequently, the flexure deformation in the point of 
intersection of the median surface of the sheet and the  
rib is:
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where

α i
i

c

y
R

= .

It should be pointed out that yi is measured on a flat 
panel.

Place the neutral surface in such a way that the outer-
most ribs do not deform, i. e. the neutral surface of the panel 
section passes through the points of intersection of the 
median of the panel surface and the axes of symmetry of the 
outermost edges.
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The magnitude of technological displacement at a single 
action

e KS= ,

where K is the permissible relative deformation; S is the 
size of the deformed part of the panel along the axis of the 
rib at a single technological action. The required design 
value of displacement along the axis of the rib at a single 
die action

e mi i= ⋅ε ,

where mi is the distance between two adjacent points of ac-
tion on one rib.

Equate the calculated and technological displacements

KS mi i= ⋅ε .

Taking into account expression (1), obtain

cos cos
/

.m
KS KSR

R P t
R

i
i c

i
c

n= =
− −





ε
α

1

2
 (2)

Similarly, when the panel is made by shrinking, the neut-
ral surface will pass through point B. Then

cos .m K S R R Ri n c c i= ⋅ ⋅ −( )⋅ −α 1
 (3)

The energy of formation of curvature with radius Rc is 
determined by the curvature of the sheet

W
Eh
R

l pb
t

c

= ⋅ ⋅
3

26
,

where h is thickness of the panel sheet; l is half 
the length of the panel.

The energy of formation of longitudinal cur-
vature is determined by the curvature of the 
sheet together with the panel ribs.

Determine the energy of formation of lon-
gitudinal curvature from the equation given in 
work [10]. As a result, dependence for deter-
mining the energy of the calculated unit action 
is obtained:
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This formula takes into account making of a double cur-
vature in two stages. Formation of a transverse curvature 
with radius Rc occurs in the first stage and a longitudinal 
curvature with radius Rn is formed in the second stage.

6. results of experimental studies

The number of elementary actions in accordance with 
the above procedure was found to be four on the middle rib 
of the sample and three on the adjacent ribs. The data of the 
actions were distributed evenly along the rib axes. Actions to 
the outermost ribs were applied as a bending moment suffi-
cient to ensure longitudinal curvature of the panel. Following 
shaping, the panel samples were measured to check for shape 
changes relative to the initial state. An experimental study 
was conducted to determine accuracy of the resulting dimen-
sions when bending panels with shrinking (stretching). The 
sample was placed horizontally on three adjustable supports 
and the height of each point was measured on a scribed grid 
with the help of V-630 cathetometer with an accuracy of 
±40 microns.

Studies of the proposed technology were performed on 
500 × 1000 mm panel samples with 30 mm high ribs (Fig. 6).

On completion of deformation in accordance with the 
described procedure of distribution of local actions, samples 
had a smooth surface without faceting. Additional processing 
or cleaning of stretching areas on the panels was unnecessary. 
The places of shrinking required cleaning from the outside 
since protrusion of the material reached 0.05...0.1 mm above 
the panel sheet level.

Minimum radii of longitudinal curvature of 6.5 m and 
a transverse curvature of 3 m were achieved in the speci-
mens (Fig. 7).

Comparison of the obtained panel dimensions in three 
longitudinal and five cross sections showed that the maxi-
mum deviation upon applying the calculated actions was 
1.48 mm for longitudinal sections and 1.67 mm for transverse 
sections. The deviations in the middle cross sections of the 
panels are shown in Fig. 8, 9.

Fig.	6.	Change	in	the	shape	of	a	double-curvature	panel	formed		
by	the	local	bending	method	with	stretching

Fig.	7.	A	double-curvature	panel	with	a	complex	internal	
engraving	formed	by	the	method	of	local	bending	with	

stretching
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The panel surface roughness after milling and trimming 
with grinding machines was within Ra 2.0–2.5.

Elimination of local and general geometric deviations and 
deviations of the sheet thickness of the sheet before shaping 
was not required and was not carried out due to the specifics 
of the process. Experimental testing of various panel proces-
sing sequences showed that the panels had a stable shape in-
dependent of the deformation sequence. This rule is satisfied 
at small plastic deformations in the zone between the jaws of 
the shrinking device permissible for aluminum alloys.

Experimental studies of local deformation made it pos-
sible to formulate recommendations for making specific types 
of double-curvature panels which are presented in Table 2.

Table	2

Methods	for	obtaining	double	curvature	panels	by	local	
deformation

No.
Types of  

double-curva-
ture panels

The panel sketch and 
the law of deformation 
for obtaining a double 

curvature

Preferable 
manufacture 

method

1 Biconvex

Stretching 
of the middle 

zones according 
to a certain law

2
Convexo- 
concave

Stretching 
of peripheral 

zones + bending

3 Biconcave
Shrinking  

of peripheral  
zones + bending

4
Concavo- 

convex 

Stretching 
of middle 

zones + bending 

The shape of the panels shown in Table 2 can be obtained 
by the technique described above with the use of a die for 
local deformation. The procedure of distribution of local 
actions in formation of double curvature in the panel for 
the shown shapes remains unchanged if the neutral surface 
is located in accordance with the schemes shown in Table 2.

8. conclusions

1. Equations were obtained for determining basic para-
meters of panel shaping depending on the required radii of 
curvature in the transverse and longitudinal directions. These 
parameters include the magnitude of energy of the local ac-
tion in the direction of the rib axis and the number of actions 
along each rib. It was shown that the double curvature in 
the panel can be formed both by stretching (extension) and 
shrinking (contraction) of the rib sections along their axes.

2. Experimental studies of accuracy of the panel face 
shape showed that the maximum deviation after applying 
calculated actions was 1.48 mm for longitudinal sections 
and 1.67 mm for transverse ones. Separate deviations of the 
shape, for example, deviations of free edges and curvature 
near the ends of the ribs required refinement works after 
which the shape deviations did not exceed 0.3 mm.

3. The calculation procedure of the shaping process was 
tested on samples with regular and irregular structures 
including a complex internal engraving. Formation of the 
fuselage surface panel of a designed aircraft by medium-zone 
stretching in the die was also carried out in accordance 
with the proposed procedure for calculating the number of 
actions. In this case, the maximum deviation of the flexure 
height during formation of a double curvature did not ex-
ceed 7 %.
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