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ℎ𝑣 = 𝐸2 − 𝐸1

ℎ𝑣 𝐸1

𝐸2
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𝐸2

𝐸𝑥 𝑥

𝐸𝑥

𝐸𝑥 = 𝐸0𝑒−𝜎𝜆𝑥 ⋯ 1)

𝐸𝑥 𝑥 𝐸0

𝜎𝜆 𝑥
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𝜎𝜆𝑥

𝐸𝑥 = 𝐸010−𝑂𝐷 ⋯ 2)

𝐸𝑥/𝐸0

𝑇 = 10−𝑂𝐷 ⋯ 3)

𝑃𝑉 = 𝑛𝑅𝑇 ⋯ 4)
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 𝑚

−𝑣𝑥

+𝑣𝑥

−𝑚𝑣𝑥 +𝑚𝑣𝑥

Δ𝑝𝑥 = 𝑚𝑣𝑥 − (−𝑚𝑣𝑥) = 2𝑚𝑣𝑥 ⋯ 5)

𝐹1 Δt

𝐹1 =
Δ𝑝𝑥

Δt
=

2𝑚𝑣𝑥

Δt
⋯ 6)

Δt =
2𝑑

𝑣𝑥
⋯ 7)

𝐹1 =
2𝑚𝑣𝑥

2𝑑/𝑣𝑥
=

𝑚𝑣𝑥
2

𝑑
⋯ 8)

𝐹 =
𝑚

𝑑
(𝑣𝑥1

2 + 𝑣𝑥2
2 + ⋯ 𝑣𝑥𝑛

2) ⋯ 9)

𝑣𝑥𝑛

𝑣
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𝑣𝑥
2̅̅ ̅̅ =

𝑣𝑥1
2 + 𝑣𝑥2

2 + ⋯ 𝑣𝑥𝑛
2

𝑁
⋯ 10)

𝐹 =
𝑁 𝑚

𝑑
𝑣𝑥

2̅̅ ̅̅ ⋯ 11)

𝑣 𝑣𝑥 𝑣𝑦 𝑣𝑧

𝑣𝑥
2̅̅ ̅̅ 𝑣𝑦

2̅̅ ̅̅̅ 𝑣𝑧
2̅̅ ̅̅

𝑣2 = 𝑣𝑥
2 + 𝑣𝑦

2 + 𝑣𝑧
2 ⋯ 12)

𝑣𝑥
2̅̅ ̅̅ =

1

3
𝑣2̅̅ ̅ ⋯ 13)

𝐹 =
𝑁 

3
(

𝑚𝑣2̅̅ ̅̅ ̅̅

𝑑
) ⋯ 14)

𝑃 =
𝐹 

𝐴
=

𝐹 

𝑑2
=

1 

3
(

𝑁 

𝑑3
𝑚𝑣2̅̅ ̅̅ ̅̅ ) =

1 

3
(

𝑁 

𝑉
) 𝑚𝑣2̅̅ ̅̅ ̅̅ ⋯ 15)

𝑷 =
𝟐 

𝟑
(

𝑵 

𝑽
) (

𝟏

𝟐
𝒎𝒗𝟐̅̅ ̅̅ ̅̅ ) ⋯ 𝟏𝟔

𝑁 𝑉
1

2
𝑚𝑣2̅̅ ̅̅ ̅̅



26 
 

𝑃𝑉 = 𝑁𝓀𝐵𝑇 ⋯ 17)

𝓀𝐵

𝑃𝑉 =
2 

3
𝑁 (

1

2
𝑚𝑣2̅̅ ̅̅ ̅̅ ) ⋯ 18)

𝑁𝓀𝐵𝑇 =
2 

3
𝑁 (

1

2
𝑚𝑣2̅̅ ̅̅ ̅̅ )

𝑇 =
2 

3𝓀𝐵
(

1

2
𝑚𝑣2̅̅ ̅̅ ̅̅ ) ⋯ 19)

1

2
𝑚𝑣2̅̅ ̅̅ ̅̅ =

3 

2
𝓀𝐵𝑇 ⋯ 20)

𝐾𝐸𝑡𝑜𝑡𝑎𝑙 = 𝑁 (
1

2
𝑚𝑣2̅̅ ̅̅ ̅̅ ) =

3 

2
𝑁𝓀𝐵𝑇 =

3 

2
𝑛𝑅𝑇 ⋯ 21)

𝓀𝐵 = 𝑅/𝑁 𝑛 = 𝑁/𝑁𝐴
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𝜌 𝜇 𝐿0

𝑉0 𝑅𝑒

 𝑅𝑒 =
𝑓𝑢𝑒𝑟𝑧𝑎𝑠 𝑑𝑒 𝑖𝑛𝑒𝑟𝑐𝑖𝑎

𝑓𝑢𝑒𝑟𝑧𝑎𝑠 𝑣𝑖𝑠𝑐𝑜𝑠𝑎𝑠
=

𝜌 𝑉0 𝐿0

𝜇
⋯ 22)

𝑅𝑒

𝑅𝑒 < 2000

𝑅𝑒 > 4000
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𝜎

𝑃𝑖𝑛𝑡 − 𝑃𝑒𝑥𝑡 = 𝜎 (
1

𝑅1
+

1

𝑅2
) =  𝜎(𝐶1 + 𝐶2) ⋯ 23)

𝑅1  𝑅2 𝐶1 𝐶2
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2𝜎

𝑅
⋯ 24)

𝜃

𝜃

𝜃 (𝜎𝑠𝑙, 𝜎𝑙𝑔, 𝜎𝑠𝑔
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𝜃

𝛿ℓ

𝜃 +𝛿ℓ 𝛿ℓ𝑐𝑜𝑠𝜃 −𝛿ℓ

𝜃

𝜎𝑠𝑙 + 𝜎𝑙𝑔𝑐𝑜𝑠𝜃 = 𝜎𝑠𝑔 ⋯ 25)

𝑐𝑜𝑠𝜃 =
𝜎𝑠𝑔 − 𝜎𝑠𝑙

𝜎𝑙𝑔
⋯ 26)
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𝜃 𝑉𝐿𝐶

𝐶𝑎

𝑉𝐿𝐶 𝑉𝐿𝐶

𝜎

𝜇

𝐶𝑎 =
𝑓𝑢𝑒𝑟𝑧𝑎 𝑣𝑖𝑠𝑐𝑜𝑠𝑎

𝑓𝑢𝑒𝑟𝑧𝑎 𝑑𝑒 𝑡𝑒𝑛𝑠𝑖ó𝑛 𝑠𝑢𝑝𝑒𝑟𝑓𝑖𝑐𝑖𝑎𝑙
=

𝜇 𝑉𝐿𝐶

𝜎
⋯ 27)

𝐶𝑎 = 1

𝑉𝐿𝐶 = 𝜎/𝜇 ⋯ 28)
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Δ𝑇 Δ𝑃 = 𝑃𝑅 − 𝑃𝐴

𝑑𝜎/𝑑𝑇 𝜃𝑒

Δ𝜃 = 𝜃𝐴 − 𝜃𝑅 𝜃𝐴 𝜃𝑅
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℘ = 𝜑𝐴𝑒𝑇4 ⋯ 29)

℘ 𝜑 

𝑒

𝑒

𝑉 𝑃

𝐹 Δ𝑦

𝑊 = −𝐹Δ𝑦 = −𝑃𝐴Δ𝑦 ⋯ 30)

𝐹 𝑃𝐴

Δ𝑦 𝐴Δ𝑦

Δ𝑉 = 𝐴Δ𝑦

𝑊 = −𝑃Δ𝑉 ⋯ 31)

Δ𝑉

Δ𝑉

𝑄𝑡
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𝑊𝑚á𝑞

𝑄𝑐

𝑄𝑛𝑒𝑡𝑎 = −𝑊 = 𝑊𝑚á𝑞 ⋯ 32

𝑄𝑛𝑒𝑡𝑎 = |𝑄𝑡| − |𝑄𝑐|

𝑊𝑚á𝑞 = |𝑄𝑡| − |𝑄𝑐| ⋯ 33

𝜂

𝜂 =
𝑊𝑚á𝑞

|𝑄ℎ|
=

|𝑄ℎ| − |𝑄𝑐|

|𝑄ℎ|
= 1 −

|𝑄𝑐|

|𝑄ℎ|
⋯ 34

|𝑄𝑐| = 0
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D 
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𝜇𝐿

𝜇𝑚

𝜇𝑚
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𝜇𝑚



43 
 

 

 

 

 

 

 



44 
 

 

 

 

 

 

 



45 
 



46 
 



47 
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A 

 

Espesor de 
la capa 

fotosensible  

[µm] 

Longitud 
de 

émbolo 
líquido  

[µm] 

 

Separación 
entre fibra 

óptica y 
material 

fotosensible   

[µm] 

Volumen 
de aire  
inicial 

confinado  

[µL] 

 

163.16 832.99 518 1.51 
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(
0.9017 𝑚𝑚

109 𝑝𝑖𝑥𝑒𝑙𝑒𝑠
) =

(8.272477064 × 10−3  [
 𝑚𝑚

𝑝𝑖𝑥𝑒𝑙𝑒𝑠
]) (𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑖𝑎 𝑞𝑢𝑒 𝑠𝑒 𝑑𝑒𝑠𝑒𝑎 𝑐𝑜𝑛𝑜𝑐𝑒𝑟 [𝑝𝑖𝑥𝑒𝑙𝑒𝑠])
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𝐿

𝑉 = 𝜋𝑟2𝐿

y = 0.0091x + 0.1322
R² = 0.9842
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𝐿

Capilar 
revestido 

(pistón) 

Espesor de 
la capa 

fotosensible 
[µm] 

Tamaño 
de 

émbolo 
líquido 
(temb ) 

[µm] 

Separación 
entre fibra 

óptica y 
material 

fotosensible  
[µm] 

Volumen 
de aire 
inicial 

confinado 
[µL] 

 

Razón de tamaño 

(

𝒂𝒍𝒕𝒖𝒓𝒂 𝒅𝒆𝒍
 𝒂𝒊𝒓𝒆 𝒄𝒐𝒏𝒕𝒆𝒏𝒊𝒅𝒐

𝐭𝐞𝐦𝐛
) 

1 344 816 609 0.60 𝟏. 𝟗 𝐦𝐦

𝟎. 𝟖𝟏𝟔 𝒎𝒎
= 𝟐. 𝟑 

2 344 1160 678 1.62 𝟓. 𝟐 𝐦𝐦

𝟏. 𝟏𝟔𝟎 𝒎𝒎
= 𝟒. 𝟒𝟖 
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𝜇𝐿

𝜇𝐿 𝜇𝐿

1)

2)

3)

4)

5)

6)

0.40
0.45
0.50
0.55
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0.75
0.80
0.85
0.90
0.95
1.00
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1.10
1.15
1.20

50 60 70 80 90 100110120130140150160170180190200210220230

D
is

ta
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]

Intensidad [mW]

1) Baja potencia
(continua)

2) Media potencia
(continua)

3) Alta potencia
(continua)

4) Baja potencia
(modulada)

5) Media potencia
(modulada)

6) Alta potencia
(modulada)

1)

2) 3)

4)

5) 6)

0.00

0.12

0.24

0.36

0.48

0.60

0.72

0.84

0.96

1.08

1.20

1.32

1.44

50 62 74 86 98 110 122 134 146 158 170 182 194 206 218 230

D
is

ta
n

ci
a 

[m
m

]

Intensidad [mW]

1) Baja potencia (continua)

2) Media potencia (continua)

3) Alta potencia (continua)

4) Baja potencia (modulada)

5) Media potencia (modulada)

6) Alta potencia (modulada)
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 𝜇𝑚
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Pistón Espesor de 
la capa 

fotosensible 
[µm] 

Tamaño 
de 

émbolo 
líquido 
(temb ) 

[µm] 

Separación 
entre fibra 

óptica y 
material 

fotosensible  
[µm] 

Volumen 
de aire 
inicial 

confinado 
[µL] 

 

Razón de tamaño 

(

𝒂𝒍𝒕𝒖𝒓𝒂 𝒅𝒆𝒍
 𝒂𝒊𝒓𝒆 𝒄𝒐𝒏𝒕𝒆𝒏𝒊𝒅𝒐

𝐭𝐞𝐦𝐛
) 

1 266 490 486 1.56 𝟓.𝟎 𝐦𝐦

𝟎.𝟒𝟏𝟑 𝒎𝒎
= 𝟏𝟐.00 

2 322 517 413 1.63 𝟓. 𝟐 𝐦𝐦

𝟎. 𝟓𝟏𝟕 𝒎𝒎
= 𝟏𝟎. 𝟎𝟎 

3 402 448 402 1.50 𝟒. 𝟖𝟐 𝐦𝐦

𝟎. 𝟒𝟒𝟖 𝒎𝒎
= 𝟏𝟎. 𝟕𝟓 

4 413 517 448 1.58 𝟓. 𝟎𝟔 𝐦𝐦

𝟎. 𝟓𝟏𝟕 𝒎𝒎
= 𝟗. 𝟕𝟖 

5 505 471 413 1.44 𝟒. 𝟔𝟐 𝐦𝐦

𝟎. 𝟒𝟕𝟏 𝒎𝒎
= 𝟗. 𝟖𝟎 

6 631 730 413 1.63 𝟓. 𝟐 𝐦𝐦

𝟎. 𝟕𝟑𝟎 𝒎𝒎
= 𝟕. 𝟏𝟎 

7 701 632 413 1.54 𝟒. 𝟗𝟒 𝐦𝐦

𝟎. 𝟔𝟑𝟐 𝒎𝒎
= 𝟕. 𝟖𝟏 

8 735 620 402 1.52 𝟒. 𝟖𝟕 𝐦𝐦

𝟎. 𝟔𝟐𝟎 𝒎𝒎
= 𝟕. 𝟖𝟓 
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Pistón 1

Pistón 1 Pistón 1
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Pistón 3
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Pistón 3

Pistón 4

Pistón 4

Pistón 4

0.40
0.47
0.54
0.61
0.68
0.75
0.82
0.89
0.96
1.03
1.10
1.17
1.24
1.31
1.38
1.45
1.52
1.59
1.66

50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230

D
is

ta
n

ci
a 

[m
m

]

Intensidad [mW]

Pistón 3

Pistón 3

Pistón 3

Pistón 4

Pistón 4

Pistón 4

0.40
0.47
0.54
0.61
0.68
0.75
0.82
0.89
0.96
1.03
1.10
1.17
1.24
1.31
1.38
1.45
1.52
1.59
1.66
1.73

50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230

D
is

ta
n

ci
a 

[m
m

]

Intensidad [mW]



62 
 

Pistón 6
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Pistón 8

Pistón 8
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0.68
0.90
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0.77
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Espesor del recubrimiento (cúmulo) en el pistón [µm]
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1.47 1.41 1.38

1.27

2.11, PISTÓN A
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1.50

1.63

1.39

1.24

0.40
0.47
0.54
0.61
0.68
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0.82
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1.03
1.10
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1.24
1.31
1.38
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1.66
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D
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a 

[m
m

]

Espesor del recubrimiento (cúmulo) en el pistón [µm]

Espesores 
útiles capa 

fotosensible 
[µm] 

Tamaño 
de 

émbolo 
líquido 
(temb ) 

[µm] 

Volumen de 
aire inicial 

confinado [µL] 

 

140 - 160 800 - 850 1.50 - 1.63 
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𝑟2
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70 
 

Pistón Espesor de 
la 

inestabilidad 
formada  

[µm] 

Tamaño 
de 

émbolo 
líquido 
(temb ) 

[µm] 

 

Separación 
entre fibra 

óptica y 
material 

fotosensible   

[µm] 

Volumen 
de aire  
inicial 

confinado  

[µL] 

 

Velocidad 
máxima 

[µm/s] 

 
Estimación 

lineal 
(r2> 0.98) 

1 147 853 1541 1.46 244.76 

2 266 490 486 1.56 139.76 

3 737 680 518 1.53 81.55 
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𝑃𝑜 = 𝜌𝑎𝑖𝑟𝑒

𝑅 𝑇𝑖

𝑀

𝜌𝑎𝑖𝑟𝑒 (
𝑔

𝑚3) 𝑚

𝑛 = 𝑚/𝑀

𝑃𝑜 = (1174.15
𝑔

𝑚3 )
(8.314 𝐽/𝑚𝑜𝑙 K)(300.65 𝐾)

28.97 𝑔/𝑚𝑜𝑙 
=

𝒲𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑎 = 𝑃𝑜𝐴 𝑉𝑚𝑎𝑥

𝒲𝑜𝑏𝑡𝑒𝑛𝑖𝑑𝑎 = [ Pa][ m2] [
𝑚

𝑠
] = [ 

𝑁

m2
] [ m2] [

𝑚

𝑠
] =

𝑁 𝑚

𝑠
=

𝐽

𝑠
= 𝑊

𝜂 =
𝒲𝑜𝑏𝑡𝑒𝑛𝑖𝑑𝑎

𝒲𝑠𝑢𝑚𝑖𝑛𝑖𝑠𝑡𝑟𝑎𝑑𝑎
=

𝑃𝑜𝐴 𝑉𝑚𝑎𝑥

𝒲𝑠𝑢𝑚𝑖𝑛𝑖𝑠𝑡𝑟𝑎𝑑𝑎
=

𝑃𝑜𝐴 𝑉𝑚𝑎𝑥

184.33 × 10−3𝑊

𝜂 =
𝑃𝑜𝐴 𝑉𝑚𝑎𝑥

𝒲𝑠𝑢𝑚𝑖𝑛𝑖𝑠𝑡𝑟𝑎𝑑𝑎
 [𝑎𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙]
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𝐸𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑖𝑎 (𝜂) 𝑃𝑜𝑟𝑐𝑒𝑛𝑡𝑎𝑗𝑒 𝑑𝑒 𝑒𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑖𝑎 (%𝜂) 

0.000041916 0.0041916 

0.000023938 0.0023938

0.000013968 0.0013968

𝜂

45°

180°
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45°



80 
 



81 
 



82 
 



83 
 



84 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



85 
 

C 
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 

 

 

 
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http://www.newport.com/LDC-3700C-Series-Combination-Laser-Diode-Driver-a/1009517/1033/info.aspx#tab_Specifications
http://www.newport.com/LDC-3700C-Series-Combination-Laser-Diode-Driver-a/1009517/1033/info.aspx#tab_Specifications
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