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2.6 



 

3.1 

3.2 

 



 

 

3.3 

 

 

 



𝑐1 𝑐4

𝑐1 = 2𝑐4

𝑃



𝐑 ∈ 𝑆𝑂(3)

𝐅

𝐔

𝐊

𝐔 = 𝐑𝑇𝐅

𝐊 = −
𝟏

𝟐
∈ ∶ (𝐑𝑇𝐅,𝑖) ⊗ 𝐕𝑖

𝑖 = 𝑓, 𝑡, 𝑛 𝐕𝑓 , 𝐕𝑡, 𝐕𝑛

𝜓(𝐔, 𝐊)

𝜓(𝐔, 𝐊) =
1

2
𝐴 (e𝐵[𝑄(𝑠)+𝑄(𝑚)] − 1) + 𝐴𝑐𝑜𝑚𝑝(𝐽 ln(𝐽) − 𝐽 + 1)

𝐴 𝐴𝑐𝑜𝑚𝑝 𝐵 𝐽 𝐽 =

det(𝐅) 𝑄

𝑄(𝑠)(𝐔(𝑠)) = 𝑎1𝑈𝑓𝑓
2 + 𝑎1(𝑈𝑡𝑓

2 + 𝑈𝑛𝑓
2 ) + 𝑎3

𝐼1

𝐴𝑓
𝐾𝑓𝑓

2 + 𝑎4

𝐼2

𝐴𝑓
(𝐾𝑡𝑓

2 + 𝐾𝑛𝑓
2 )

         𝑄(𝑚)(𝐔(𝑚)) = 𝑏1(𝑈𝑡𝑡
2 + 𝑈𝑛𝑛

2 ) + 𝑏2(𝑈𝑓𝑡
2 + 𝑈𝑓𝑛

2 + 𝑈𝑛𝑡
2 + 𝑈𝑡𝑛

2 )

𝐔(𝑚) = 𝐔 ∖ 𝐔(𝑠) 𝐔 𝐔(𝑠) 𝑄(𝑠)

𝑄(𝑚) 𝑎𝑖

𝑏𝑖

𝐴𝑓 =
𝜋𝑙2

4

𝐼1 =
𝜋𝑙4

32
𝐼2 =

𝜋𝑙4

64
𝑙

𝐴𝑓



𝐊

∫ {𝒏 ∶ 𝛿𝐔 + 𝒎 ∶ 𝛿𝐊}𝑑𝑉 − 𝒲𝑒𝑥𝑡 = 0

ℬ

𝒏 =
𝜕𝜓

𝜕𝐔
𝒎 =

𝜕𝜓

𝜕𝐊
𝒲𝑒𝑥𝑡

3.4 



 

4.1 

4.2 

4.3 

 



𝑲𝒖 = 𝑭

𝑲 𝒖

𝑭



 

4.4 



4.5 

𝒲𝑒𝑥𝑡

𝒲𝑖𝑛𝑡

ℬ

𝜕𝜓 = 𝒲𝑖𝑛𝑡 − 𝒲𝑒𝑥𝑡 = 0

𝜕𝜓

 ψ(𝑖𝑛𝑡) = ∫ 𝑺 ∶ 𝛿𝑬𝑑𝑉 = ∫
1

2
𝑺 ∶ 𝛿𝑪𝑑𝑉

ℬℬ

𝑺 𝑬

𝑪 ∶

𝑬

𝑬 =
1

2
(𝑭𝑇𝑭 − 1) =

1

2
(𝑪 − 1)

𝜕𝜓 = ∫
1

2
𝑺 ∶ 𝛿𝑪𝑑𝑉

ℬ

−  𝒲𝑒𝑥𝑡 = 0



4.6 

𝑲 ∆𝒖 −  [𝒇𝑒𝑥𝑡 − 𝒇𝑖𝑛𝑡] = 0

𝑲 ∆𝒖

𝒇𝑒𝑥𝑡 𝒇𝑖𝑛𝑡

4.7 



 

5.1 

5.2 



 

𝛼 ℎ 𝑟𝑖 𝐿

𝛽𝑓

𝑐1  𝑐4

𝑐1 =

2𝑐4



𝑎1 𝑎2 𝑏1 𝑏2 𝑏3 𝑏4 𝑏5 𝑏6 𝑐1 𝑐4

− −

− −



 

 



𝑟𝑖 = 1.0 mm

𝑟𝑜 = 2.0 mm ℎ = 0.5 mm

𝐿 = 1.0 mm

10−4 10−1
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