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Article history: In this study, an optimal punch displacement model was developed for side-bead
Received 29 July 2025 forming using the cam-forming process. Finite element simulations were
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Accepted 19 August 2025 conducted under various sheet thicknesses and material properties to evaluate

forming error based on bead radius and sheet height. To derive the optimal cam
displacements, a normalized scoring method was applied, and the most accurate
cam displacements were identified. The resulting displacements were modeled
using multivariable regression analysis by considering four independent
variables: yield strength, ultimate tensile strength, hardening exponent, and sheet
thickness. The model was simplified without interaction terms to enhance
applicability. The results showed that sheet thickness had a dominant effect on
Thickness punch displacement when compared with material properties. The proposed
Finite element method model effectively predicts the punch displacement required to achieve optimal
forming outcomes. This approach provides insights for optimization in side-bead
forming applications involving various materials and thicknesses.
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Fig. 1 Hardening curve of (a) SPHC with different thickness
and (b) sheet thickness of 3.2 mm with different materials
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Table 1 Material thickness, properties, and hardening parameters

t YS | UTS | K | € n
[mm] | [MPa] | [MPa] | [MPa] | [-] [-]
SPHC 1.6T| 1.60 | 276.8 | 365.4 | 576.3 | 0.0000 | 0.1605
SPHC 3.2T| 3.20 | 275.6 | 365.5 | 643.3 | 0.0000 | 0.2136
SPHC 5.0T| 5.00 | 257.0 | 349.2 | 588.2 | 0.0000 | 0.1975
SPCC 3.2T| 3.20 | 189.7 | 291.2 | 519.4 | 0.0145 | 0.2473
SPFH 3.2T| 3.20 | 498.8 | 591.6 | 875.3 | 0.0011 | 0.1263
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© (d)
Fig. 2 Finite element modeling of side bead forming system :

(a) (1/6) before, (b) (1/6) after forming, (c) (full) before,
and (d) (full) after forming

5 elements

Fig. 3 Mesh configuration of the sheet
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Fig. 4 Stress distribution before and after spnngback at D =
1.6 mm: (a) comparison by sheet thickness (SPHC) and
(b) comparison by sheet material (t = 3.2 mm)
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Fig. 5 Evaluation method of forming error: (a) measurement path
of bead radius and (b) measurement of height in z-direction
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Fig. 6 Bead radius with different sheet thicknesses
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Fig. 7 Height in z-direction with different sheet thicknesses
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Fig. 8 Average difference from target shape: (a) bead radius,
(b) height
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Fig. 10 Height in z-direction with different sheet materials

25

—e— SPHC 3.2T| —e— SPHC 3.2T|
—w— SPCC 3.2T| —v—SPCC 3.2T|
0.4 SPFH 3.2T 2.0 SPFH 3.2T
E 0.3 E 1.5 //’
Soz ™ S S ,*
041 x\\\ ’ 05 ,x/
0.0 Ty, 0.0 el
160 1.65 1.70 1.75 1.80 1.85 1.90 1.60 1.65 1.70 1.75 1.80 1.85 1.90
D [mm] D [mm]
(@ (b)
Fig. 11 Average difference from target shape: (a) bead radius,
(b) height
H9)S oujgicy. Thik, A %) % SPFHZ} 7P AL WAE 7%
S UERQLE, SPOCE 7hg 2A Ueht, 4% 2= r 42
amo] 27)7} ARITH: 7;:% BRI 4 itk &, 1= 24
ol SPRHAA o 2 £32o] Wjslo] AstHoz o A8
Algol B4 Aoz wedn

Fig. 102 &0 WE Y & A 75 Y &0l HekE
Upehgl Aztolc}, WA 23 TH AR, ool thiHE A7) ¥
o]l w2 Aol mu|et Fo] IF om, ol S el HIsh
&4 B/do] /g8 FAQ Eololl mAle FFol Atk 2 ¢

nlaiet. oleldt At Y Al MAISH: 2% W WHol 249
BERTGHE 22 479 FEo] JEFe oujFit,

Fig. 112 oj2] 7 19} 27ol|lM F3 gt AA| g Afol9] B+
& YEhd Zlojtk. &4 Tl ¥sh7t 9l wiEe &4 F/d0l
TE W WA A WSl

4. 5% Hx| W9l DU
4.1 2t Z=ZollMe| A& HR| He
AN =& T T Y oA A RS HEoR A Y o4

334

Exp. (Symbol) Fitting (Line) Exp. (Symbol) Fitting (Line)

07 . SPHC 1.6T] 0.7 ® ——SPHC 3.2T)
. SPHC 3.2T| v ——SPCC 3.2T)
0.6 A —SPHC 50T| 06 SPFH 3.2T
05 05
—04 0.4
= = )
Wwo3 w3 /
0.2 0.2 P
01 0.1
0.0 4+———————————— 0.0
1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.60 1.65 1.70 1.75 1.80 1.85 1.90
D [mm] D [mm]
(a) (b)

Fig. 12 Total forming error and curve fitting: (a) different
thicknesses, (b) different materials
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Table 2 Optimal cam displacements

SPHC 1.6T 1.712 mm
SPHC 3.2T 1.743 mm
SPHC 5.0T 1.789 mm
SPCC 3.2T 1.738 mm
SPFH 3.2T 1.752 mm
1.80 1.80
1.78 1.78
'E' 1.76 'E' 1.76
§ 1.74 .,/'/. E 1.74 ,/'/‘
1.72 1.72
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YS [MPa] UTS [MPa]
(a) (b)
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Fig. 13 Cam displacement with respect to input variables: (a)
yield strength, (b) ultimate tensile strength, (c) n, and
(d) thickness
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