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Abstract 

The end surfaces of large storage tanks used in various industries are often composed of thin-walled metallic spherical cap 

structures. The ability to process these components at a low cost and with high manufacturing precision is an important research 

challenge. In this study, a new integrated free-bulge forming method is proposed to fabricate thin-walled metallic spherical cap 

structures. This method involves fixing the perimeter of a circular forming sheet, applying internal water pressure, and uniformly 

bulging the central portion of the sheet to achieve a spherical cap structure. To analyze the forming performance of the proposed 

method, formulas for calculating the plastic strain and average thickness during the process of forming the spherical cap from the 

circular sheet are derived, enabling a clear understanding of the workable range of the free-bulge forming method. Additionally, 

by deriving a prediction formula for the internal water pressure required for the free-bulge of the spherical cap structure, the key 

process design factors are identified. For verification, a free-bulge forming device is developed, and thin-walled metallic 

spherical cap structures are processed. The results confirm that the spherical cap shape is sufficiently precise and can be stably 

produced using the free-bulge forming method. Furthermore, a specialized device for measuring the shape accuracy of the 

spherical cap formed using the proposed free-bulge method is developed, and the surface shape of the spherical cap structure is 

measured. The results show that the formed spherical cap shape has a maximum deviation of 2.3% from the theoretical shape, 

demonstrating adequate precision for practical applications. To further verify the processing performance of the free-bulge 

forming method, the thickness distribution of the processed thin-walled metallic spherical cap is measured along its diameter. 

The results show that, compared to the original thickness of 1.0 mm, the minimum thickness of 0.858 mm occurs at the center of 

the spherical cap, representing a thickness reduction rate of -13.2%. It is confirmed that the free-bulge method can be stably 

applied to typical thin-walled press materials. 
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1. Introduction 

Large storage tanks are commonly used for natural gas, oil, 

and other substances. Due to the flammability of their con-

tents, particularly when placed in complex natural environ-

ments, the design, manufacturing, and safety issues of storage 

tanks have received significant attention [1-5]. There are 

many different types of storage tanks, which vary depending 

on their intended use [6-8]. Considering factors such as 

earthquake resistance, safety in response to natural disasters, 

and daily operational management, numerous studies have 

been conducted on the design and development of storage 

tanks [9-13]. To better understand stress distribution and other 

mechanical properties of storage tanks, finite element method 

(FEM) simulations have been performed [14-16]. These re-

search results provide a valuable foundation for the design 

and development of storage tanks. 

However, from the perspective of manufacturing industrial 

storage tanks or daily operational management, head com-

ponents composed of curved parts are attached to the end 

faces of large storage tanks. Furthermore, from the viewpoint 

of material utilization and the mechanical properties of the 

storage tank, it is most common to use a hemispherical shape 

as the head component. 

A spherical cap is the smaller part of a spherical shell cre-

ated by cutting a sphere into two parts with a plane. When the 

plane passes through the center of the sphere and the height of 

the spherical cap is equal to the radius of the sphere, it forms a 

hemisphere. 

The processing of thin-walled metallic spherical cap 

structures is an important research topic, similar to the pro-

cessing challenges associated with storage tanks [17-19]. 

Sequentially welding pre-formed curved parts is the most 

common method of producing thin-walled metallic spherical 

structures. Consequently, issues related to crack formation in 

welded thin-walled metal storage tanks have been addressed 

[20-23]. Additionally, the residual stress generated during 

welding significantly affects the fatigue strength of storage 

tanks; thus, research on the distribution of residual stresses in 

welded structures has been investigated [24-26]. 

Furthermore, methods utilizing the hydraulic plastic de-

formation of thin-walled metallic materials have been pro-

posed and developed to reduce the manufacturing costs and 

improve the quality of storage tanks [27-29]. Most research on 

hydraulic forming has focused on processes that involve in-

tegrated bulge forming for spherical tanks [30-32]. However, 

the manufacturing of components such as spherical cap 

structures for storage tanks has received limited research 

attention. 

In this study, a novel free-bulge forming method that can be 

easily implemented is proposed for the processing of 

thin-walled metallic spherical cap structures used on the end 

faces of spherical or cylindrical storage tanks. To put the 

proposed free-bulge forming method to practical use, both 

geometric and mechanical theoretical factors are considered. 

A free-bulge forming experimental device for thin steel plates 

is developed, and actual processing experiments for spherical 

cap structures are conducted. Detailed studies are conducted 

on the specific processing conditions, shape accuracy of the 

processed products, and their mechanical properties. 

2. Materials and Methods 

2.1. Spherical Cap Structures and the 

Free-bulge Forming Method 

Spherical and cylindrical storage tanks, as shown in Figure 

1, are widely used in various industries. For manufacturing or 

cleaning purposes, a thin-walled metallic spherical cap is 

required, as indicated by the shaded area in Figure 1. 

 
Figure 1. Spherical and cylindrical industrial storage tanks. 

The conventional processing method shown in Figure 2 is 

typically used to process the thin-walled metallic spherical 

cap structures shown in Figure 1. 

Figure 2 (a) illustrates a spinning process, where the cen-

tral part of the circular workpiece is pressed and fixed onto 

the center of the molding die. While rotating both the mold-

ing die and workpiece, a forming roll is then pressed against 

the workpiece to continue local plastic forming in the cir-

cumferential direction, gradually shaping the spherical cap 

structure. The limitations of this processing method are that 

it requires specialized equipment and forming jigs, and the 

maximum diameter of the processed spherical cap structure 

is limited, making it difficult to process large spherical cap 

structures. 

Figure 2 (b) illustrates the partial part welding method. 

First, the partial parts are pressed and processed into curved 

surface parts. Using a circular positioning jig, the curved 

surface parts are individually welded to form the entire 
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spherical cap structure. The limitation of this processing 

method is that a press machine and forming die are required 

to process curved surface parts. Additionally, a positioning 

jig is required during the welding assembly process, and it is 

difficult to ensure the shape accuracy of the resulting spheri-

cal cap structure. 

To address these limitations and process spherical cap 

structures with a simplified processing flow and relatively 

low processing costs, this study proposes an integrated hy-

droforming method, as shown in Figure 3. First, the bounda-

ry of the circular thin plate is fixed before hydraulic pressure 

is applied to the center of the circular thin plate, causing the 

center to bulge and form a spherical cap structure. 

 
Figure 2. Conventional processing method for thin-walled spherical 

cap structures. 

In the integrated processing method shown in Figure 3, the 

use of a completely uniform internal pressure for free-bulge 

forming contributes to the high shape accuracy of the spher-

ical cap structures. 

 
Figure 3. Integrated free-bulge forming method for spherical cap 

structures. 

To implement the integrated processing method, a pro-

cessing device was designed, as shown in Figure 4. The pro-

cessing device consisted of three parts: an assembled molding 

set, a support frame, and a manual hydraulic pump. First, the 

ring-shaped jig, circular forming plate, and fixed base were 

securely connected using bolts and nuts. Next, the water inlet 

hole at the center of the fixed base was connected to a manual 

hydraulic pump via a hydraulic hose. Finally, using a manual 

hydraulic pump, water pressure was applied through the hy-

draulic hose to the assembled molding set, uniformly inflating 

the circular forming plate, thereby processing the spherical cap 

structure. 

 
Figure 4. Schematic of the integrated free-bulge forming equipment 

for spherical cap structures. 

Figure 5 shows a photograph of the integrated free-bulge 

forming device used to manufacture the spherical cap struc-

ture. As shown in Figure 5, a caliper was mounted on the 

door-shaped frame above the assembled molding set. The 

height of free-bulge forming was read in real-time from the 

liquid crystal screen of the caliper. 

 
Figure 5. Photograph of the integrated free-bulge forming equip-

ment for spherical cap structures. 

As shown in Figure 6, the circular forming plate used in 

the prototype experiments in this study was made of Steel 

Plate Cold Commercial (SPCC). The diameter of the circular 

molding plate before forming was 300 mm, and the plate 

thickness was 1 mm. The diameter of the opening of the 

spherical cap structure after free-bulge forming was 250 mm, 
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and the forming depth was 45 mm. 

 
Figure 6. Dimensions of the spherical cap structure produced by the 

integrated free-bulge forming method. 

2.2. Free-bulge Forming Analysis of the 

Spherical Cap Structure Equations 

When processing a spherical cap structure with the shape 

shown in Figure 6 using a circular forming plate, the changes 

in the cross-sectional shape are shown in Figure 7. In Figure 7, 

the diameter of the circular molding plate before free-bulge 

forming was d = 250 mm and the free-bulge forming height 

was h = 45 mm. For the spherical cap structure: r is the radius, 

is the unfolding angle, and R is the chord length. 

 
Figure 7. Cross-sectional shape of the processed spherical cap 

structure. 

Based on the relationship between the isosceles triangle 

oAB, the formula for calculating the unfolding angle of the 

spherical cap structure is as follows: 
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Based on the relationship of the right-angled triangle oAC, 

the radius of the spherical cap structure is expressed as fol-

lows: 
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Based on the relationship of the right-angled triangle ABC, 

the chord length of the spherical cap structure can be ex-

pressed as follows: 

mm
d

hR 85.132
2

250
45

2

2

2

2

2 
















     (3) 

The area of the circular forming plate before free-bulge 

forming is expressed formulas follows: 

mm
d

S 38.49087
4

25014.3

4

22

0 





     (4) 

The surface area of the spherical cap structure after 

free-bulge forming is expressed as follows [33]: 

2RS                     (5) 

By substituting Equation (3) into Equation (5), the surface 

area of the spherical cap structure can be calculated as fol-

lows: 
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Assuming that the material volume before and after 

free-bulge forming remains constant, and denoting the 

thicknesses before and after free-bulge forming as t and t0 = 

1.0 mm, respectively, the average plate thicknesses before and 

after free-bulge forming of the spherical cap structure can be 

calculated formulas follows: 

mmt
S

S
t 89.00.1

11.55449

38.49087
0

0       (7) 

The average rate of change in the plate thickness before and 

after free-bulge forming can be calculated formulas follows: 

%0.11%100
0.1

0.189.0
%100

0

0 

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

t

tt
    (8) 

When analyzing the shape changes before and after 

free-bulge forming of the spherical cap structure shown in 

Figure 7, it is assumed that the circumferential boundary of 

the circular forming plate is completely fixed. However, in 

practice, when performing free-bulge forming of a spherical 

cap structure, the material may flow slightly inward from the 

circumferential boundary of the circular forming plate. 

Therefore, the predicted values of the average plate thickness 

after free-bulge forming from Equations (7) and (8) are ex-

pected to be smaller than the actual average plate thickness 
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after free-bulge forming. 

2.3. Prediction of the Internal Water Pressure 

for Free-bulge Forming 

As shown in Figure 5, to perform free-bulge forming from 

the circular molding plate to the spherical cap structure, it is 

necessary to apply an internal hydraulic pressure using a 

manual hydraulic pump. To design the free-bulge forming 

process, it was essential to predict the required internal hy-

draulic pressure in advance. 

 
Figure 8. Internal water pressure and stress distributions occurring 

during free-bulge forming. 

Figure 8 shows the distribution of the internal hydraulic 

pressure and stress that occur when free-bulge forming of the 

spherical cap structure is performed. From the equilibrium 

conditions along the symmetry axis direction in Figure 8, the 

following equation can be obtained: 




cos
4

2

td
d

P               (9) 

Equation (9) can be rearranged as follows: 




cos4t

Pd
                 (10) 

During free-bulge forming of the spherical cap structure, as 

the internal hydraulic pressure applied by the manual hy-

draulic pump gradually increases, the stress values also 

gradually increase. Plastic deformation begins when stress 

reaches the yield stress y  of the material. The internal hy-

draulic pressure at this point can be calculated as follows: 

d

t
P

y  cos4
                  (11) 

In actual free-bulge forming, considering the effects of 

strain hardening in metallic materials, the internal hydraulic 

pressure applied from the manual hydraulic pump should be 

set approximately 20% higher than the predicted value cal-

culated using Equation (11). 

In the prototype experiments of this study, assuming a yield 

stress of 200 MPa for the SPCC, it was found that by setting 

the internal hydraulic pressure 20% higher than the predicted 

value from equation (11) at the point where plastic defor-

mation occurred, the required internal hydraulic pressure for 

free-bulge forming was approximately 3.77 MPa. 

2.4. Confirmation of Free-bulge Forming 

Quality Using FEM Analysis 

To investigate the processing performance and practical 

feasibility in advance, FEM analysis was used to simulate the 

free-bulge forming process of the spherical cap structure, as 

shown in Figure 5. 

Figure 9 shows the FEM analysis model of the circular 

forming plate. The circular forming plate was modeled using 

quadrilateral elements, with an average edge length of 2 mm 

for the quadrilateral elements, and the total number of ele-

ments was 14,193. The thickness of the circular forming 

plate was 1 mm. The material of the forming plate was SPCC, 

and the stress–strain curve of the material is shown in Figure 

10. 

 
Figure 9. Free bulge forming analysis model using FEM. 

 
Figure 10. Stress-strain curves of the free-bulge forming plate ma-

terial. 

The results of the von Mises stress and plate thickness dis-

tribution at the completion of free-bulge forming obtained 
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from the analysis are shown in Figures 11 and 12, respec-

tively. It was confirmed that because the internal hydraulic 

pressure was completely axisymmetric, free-bulge forming 

unfolded uniformly, resulting in the formation of a smooth 

spherical cap structure. 

 
Figure 11. Stress distribution in the free-bulge forming of the 

spherical cap structure. 

 
Figure 12. Thickness distribution in the free-bulge forming of the 

spherical cap structure. 

According to the stress distribution results shown in Fig-

ure 11, the stress was axisymmetric along the vertical direc-

tion and centered around the symmetry axis. The maximum 

stress occurred at the center of the spherical cap shape, with 

a maximum von Mises stress value of 448.1 MPa. The min-

imum stress occurred near the surrounding fixed boundary 

with a minimum von Mises stress value of 289.2 MPa. 

Throughout the spherical cap shape, the von Mises stress 

exceeded the yield stress of the SPCC material, indicating 

that plastic deformation occurred. 

According to the thickness distribution results in Figure 12, 

there was a slight tendency for the thickness to decrease uni-

formly across the entire surface compared with the 

pre-forming thickness of 1 mm. The thickness followed an 

axisymmetric distribution along the direction of the sym-

metry axis. The central part of the spherical cap shape was 

the thinnest, with a thickness of 0.858 mm and a thickness 

reduction rate of 14.2%. Near the surrounding fixed bounda-

ry, the thickness reduction was the smallest, with a thickness 

of 0.965 mm and a thickness reduction rate of 3.5%. 

The maximum thickness reduction rate after the free-bulge 

forming of the spherical cap structure was approximately 

14.2%, which was well within the plastic deformation limit 

of the thin steel plate. Therefore, it was confirmed through 

the simulation that when processing spherical cap structures 

made of SPCC material using this method, cracks did not 

occur and the forming process proceeded normally. 

3. Results and Discussion 

3.1. Free-bulge Forming Processing Experiment 

To verify the free-bulge forming method of the spherical 

cap structure shown in Figure 5, parts of the actual processing 

experimental device and processing steps are shown in Fig-

ures 13 and 14, respectively. 

 
Figure 13. Free-bulge forming set for the spherical cap structure. 
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Figure 14. Disassembly of the free-bulge forming set and the re-

sulting spherical cap structure. 

Figure 13 (a) shows the circular forming plate, the 

ring-shaped jig, and the fixed base. 24 evenly distributed 

connecting bolt holes were drilled along the circular bound-

ary. 

To measure the plastic strain during the subsequent 

free-bulge forming process, the surface of the circular form-

ing plate was sprayed with blue varnish and circular marks 

were drawn using a scribing tool. Figure 13 (b) shows the 

assembled molding set. 

Figure 14 (a) shows the process of applying internal hy-

draulic pressure using a manual hydraulic pump and then 

disassembling the forming set with a wrench after plastic 

deformation due to free-bulge forming was completed. The 

actual internal hydraulic pressure required for the free-bulge 

forming was read from the meter of the manual hydraulic 

pump, and the maximum recorded pressure value was 3.65 

MPa. This hydraulic pressure matched the predicted value 

calculated using Equation (11), confirming the consistency. 

Figure 14 (b) shows the spherical cap structure obtained 

via the free-bulge forming. Figure 14 shows that, owing to 

the axisymmetric internal hydraulic pressure, the surface of 

the spherical cap structure formed by free-bulge forming 

became a smooth spherical cap structure. 

Additionally, as shown in Figure 14 (b), the round bolt 

holes near the peripheral boundary of the circular forming 

plate before forming became elliptical holes after forming, 

and some of the metal in the flange area flowed inward. This 

phenomenon is advantageous as it helps to prevent the oc-

currence of cracks during free-bulge forming. 

3.2. Plastic Strain in the Formed Spherical Cap 

Structure 

To examine the quality of the spherical cap structure ob-

tained through free-bulge forming, it was measured as shown 

in Figure 15. 

 
Figure 15. Measuring the plastic strain of the spherical cap struc-

ture obtained by free-bulge forming. 

Before the bulge formation, as shown in the left diagram of 

Figure 15, circles were drawn on the surface of the circu-

lar-forming plate. After free-bulge forming, as shown in the 

right diagram of Figure 15, the circles from before free-bulge 

forming became ellipses, and the major axis 𝑑 of the ellipse 

aligned with the diameter direction of the spherical cap 

structure. Additionally, as shown in the lower diagram of 

Figure 15, after measuring the diameter 𝑑0 of the circle before 

free-bulge forming and the major axis 𝑑 of the ellipse after 

free-bulge forming, the plastic strain at the central point of the 

circle can be calculated as follows: 

0

ln
d

d
                      (12) 

However, to numerically estimate the plastic strain due to 

free-bulge forming, the cross-sections of the spherical cap 

structure before and after forming are shown in Figure 16. In 

Figure 16, the straight dashed line represents the diameter of 

the circular forming plate before forming, whereas the curved 

solid line represents the cross-sectional contour of the spher-

ical cap structure after forming. 
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Figure 16. Estimation of the plastic strain in the spherical cap 

structure. 

Using the equations for the expansion angle (Equation (1)) 

and radius (Equation (2)) of the spherical ca[ structure, the 

length s of its cross-sectional contour line can be calculated as 

follows: 

mm
r

s 9.270
180

1.1966.3914.32

180

2






   (13) 

Furthermore, using Equation (13), the plastic strain of the 

spherical cap structure after free-bulge forming can be ap-

proximately calculated as follows: 

077.0
250

9.270
lnln 

d

s
a         (14) 

As shown in Figure 15, measurement points 1–6 were 

placed along the diameter of the spherical cap shape. The 

radii and major axes of the ellipses before and after 

free-bulge forming were measured at each point, and the 

plastic strain was calculated using Equation (12). To account 

for the repeatability and measurement accuracy, the radii and 

major axes before and after free-bulge forming were meas-

ured along four radii, as shown in Figure 15, and the average 

values of these measurements were used to calculate the 

plastic strain. 

 
Figure 17. Plastic strain distribution in the spherical cap structure 

obtained from free-bulge forming. 

For comparison, the measured plastic strain values of the 

spherical cap structure obtained from free-bulge forming and 

the average plastic strain values calculated using Equation (14) 

are summarized in Figure 17. In Figure 17, the solid red line 

represents the plastic strain values measured using the 

method shown in Figure 15, and the dashed blue line repre-

sents the predicted average plastic strain values of the spher-

ical cap structure based on Figure 16 and Equation (14). 

As shown in Figure 17, the plastic strain values gradually 

increased from the peripheral circular boundary of the 

spherical cap shape to the central point. A maximum plastic 

strain of 0.082 was observed at the central point. 

 
Figure 18. Internal flow phenomenon of the material in the fixed 

boundary area. 

Additionally, the average plastic strain value of 0.077 pre-

dicted by Equation (14) was slightly larger than the actual 

measured plastic strain value of 0.070. It was found that the 

internal flow phenomenon of the material at the peripheral 

boundary fixed part of the spherical cap structure occurred 

during free-bulge forming. This trend can be observed in 

Figure 18, where the circular holes transformed into elliptical 

shapes after free-bulge forming and there were slip marks at 

the connection between the spherical cap shape and the 

flange section. 

3.3. Shape Accuracy in the Formed Spherical 

Cap Structure 

To verify the shape accuracy of the spherical cap structure 

obtained using the free-bulge forming method, an experi-

mental setup was created to measure the external surface 

shape, as shown in Figure 19. 

The measurement device comprised two main parts: an 

acrylic table that moved primarily in the horizontal direction, 

as shown in Figure 19 (a), and a laser displacement meter 

fixed to a stand. 
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The following step-wise procedure was followed for shape 

measurement: 

1) The spherical cap structure was placed on an acrylic ta-

ble. While observing the distance readings from the la-

ser displacement meter, the spherical cap structure was 

moved back and forth and left and right. The product 

was stopped when the minimum distance was red. 

2) As shown in Figure 19 (b), the table was moved hori-

zontally to align with the markings on the ruler and 

then stopped. 

3) As shown in Figure 19 (c), the vertical distance was 

read from the laser displacement meter to the meas-

urement point on the surface of the spherical cap struc-

ture. 

The contour shape along the diameter of the spherical cap 

structure was obtained by repeatedly following steps (2) and 

(3). The coordinate values of the contour shape of the spher-

ical cap structure in the diameter direction were read from 

the horizontal moving table and ruler. The coordinate values 

in the height direction of the contour shape were obtained 

using a laser displacement meter. 

 
Figure 19. Measuring device for the external surface shape of 

spherical cap structure. 

As shown in Figure 19, the external shape of the spherical 

cap structure was measured and the resulting contour shape 

data were compared with the theoretically calculated results, 

as summarized in Figure 20. In Figure 20, the dashed red line 

represents the actual measured surface shape of the spherical 

cap structure, whereas the solid black line represents the 

spherical cap shape obtained through theoretical calculations. 

As shown in Figure 20, the measured surface shape of the 

spherical cap structure obtained using the free-bulge forming 

method closely matched the theoretically calculated spherical 

cap shape. For a free-bulge forming height of 45 mm, the 

maximum height deviation across the surface of the formed 

spherical cap structure was 1.03 mm, and the maximum rela-

tive error was 2.3%. This indicates that the free-bulge form-

ing method provides a high degree of accuracy in achieving 

the desired spherical cap shape. 

 
Figure 20. Measurement results of the surface shape of the spherical 

cap structure. 

3.4. Thickness Distribution in the Formed 

Spherical Cap Structure 

To investigate the thickness distribution of the spherical 

cap structure obtained using the free-bulge forming method, 

the following steps were performed: 

1) As shown in Figure 21(a), a perpendicular section of 

the spherical cap product was cut along the diameter 

direction using a laser cutting machine. 

2) Subsequently, as shown in Figure 21(b), a dial caliper 

gauge was used to measure the thickness of the cut 

spherical cap structure along the diameter. 

The measured thickness distribution of the spherical cap 

structure is shown in Figure 22, with red markers indicating 

the measurement points. It was observed that, compared with 

the initial thickness of 1 mm before free-bulge forming, the 

thickness of the formed spherical cap structure generally 

decreased, with a tendency to follow an axisymmetric distri-

bution around the central axis. 

The thickness near the peripheral boundary of the spheri-

cal cap structure was relatively larger, with a maximum 

thickness of 0.981 mm. The thickness at the central point of 

the spherical cap structure was the lowest, with a minimum 

thickness of 0.876 mm. 

However, the FEM analysis results shown in Figure 12 in-

dicate that the maximum thickness was 0.858 mm and the 

minimum thickness was 0.965 mm. In comparison, the actual 

measured values of the free-bulge formed spherical cap 
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structures were larger. 

This discrepancy can be attributed to the internal material 

flow phenomenon observed in the surrounding boundary 

fixed part of the spherical cap structure during the actual 

free-bulge forming process, as shown in Figure 18. This ma-

terial flow can lead to variations in the thickness distribution 

that are not fully captured by the FEM model, resulting in 

thicker regions near the edges and a more uniform distribu-

tion in the actual structure. The FEM model assumes ideal-

ized behavior, which may not account for the practical mate-

rial flow occurring during the free-bulge forming process. 

For the same reason, the actual average thickness of the 

free-bulge formed spherical cap structure (0.985 mm) was 

larger than the calculated average thickness of 0.890 mm 

obtained using Equation (7). This difference can be attribut-

ed to the internal material flow phenomenon observed during 

the actual free-bulge forming process. This effect is not fully 

captured by the simplified calculations in Equation (7), 

which assumes idealized conditions without accounting for 

the real-world behavior of the material during forming. 

Therefore, the actual measured average thickness was higher 

than the predicted value. 

 
Figure 21. Measurement of the thickness distribution of the spheri-

cal cap structure. 

 
Figure 22. Measurement results of the thickness distribution of the 

spherical cap structure. 

4. Conclusion 

This study has addressed the processing of thin-walled 

metallic spherical cap structures and proposed a novel 

free-bulging forming method. After the theoretical investiga-

tions necessary to realize this method, the proposed 

free-bulging forming method was applied to fabricate spher-

ical cap structures, and detailed examinations were conducted. 

The following conclusions were drawn: 

1) Effectiveness of the Novel Free-bulge Forming Method: 

The proposed free-bulge forming method was confirmed 

as a promising technique for efficiently and accurately 

forming thin-walled metallic spherical cap structures. 

By appropriately controlling the internal water pressure 

during the forming process, a uniform spherical cap 

shape was formed, and plastic deformation proceeded as 

predicted. 

2) Agreement Between Theoretical Investigations and 

Experimental Results: The theoretical calculations using 

the proposed equations agreed well with the actual re-

sults of the forming experiments. From the FEM analy-

sis and experiments with a manual hydraulic pump, it 

was confirmed that the shape, plastic strain, and thick-

ness distribution of the spherical cap structure after 

free-bulge forming were consistent with the predicted 

values, demonstrating the high precision of the proposed 

method. 

3) Analysis of Plastic Deformation and Thickness Distri-

bution: After free-bulging, the spherical cap structure 

showed a trend of uniform thickness reduction com-

pared to the pre-formed plate, with the central part being 

the thinnest. Analysis of the post-forming thickness 

distribution confirmed that plastic deformation pro-

ceeded appropriately, and the material flowed without 

waste. The reduction in thickness near the edges was 

minimal, indicating appropriate distribution of the ma-

terial during the forming process. 

4) Shape Accuracy After Forming: The actual shape of the 

spherical cap structure was also in good agreement with 

the theoretically calculated results. The surface shape 

measurement error after forming was within a maximum 

of 2.3%, which is within the practical range. This indi-

cates that the free-bulge forming method can produce 

spherical cap structures with high accuracy. 

5) Evaluation and Prediction of Plastic Strain: The plastic 

strain of the spherical cap structure was measured, with a 

maximum strain of 0.082 occurring at the center after 

forming. A comparison of the theoretical average strain 

values with the measured results showed a high predic-

tion accuracy. 

6) Potential Practical Applications: The insights gained in 

this study provide a foundation for mass production and 

precise processing of thin-walled metallic spherical cap 

structures. This study paves the way for the practical 

applications of the free-bulge forming method as a new 

processing technology in future manufacturing indus-

tries. 

7) Implications for Future Research: By utilizing the 

free-bulging method developed in this study, it has been 

demonstrated that spherical cap products can be plas-
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tically formed with high precision without the need for 

forming dies. This provides a valuable foundational re-

sult for future advancements in precision processing and 

product lightweighting. 

Based on the findings of this study, the proposed free-bulge 

forming method is effective for high-precision processing of 

thin-walled metallic spherical cap structures, and its industrial 

application is expected in the future. 
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