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Abstract
Bunthawin, S. and Boonlamp, M.

Development of a single cell spherical shell model for an investigation of

electrical properties with a computing program
Songklanakarin J. Sci. Technol., 2005, 27(2) : 393-416

A spherical double shell model (SDM) for a single cell has been developed, using Laplace’s equation

in spherical coordinates and boundary conditions. Electric field intensities and dielectric constants of each

region inside and outside of the cell have been estimated.  The dielectrophoretic spectrum of the real part of

a complex function (Re[f (ωωωωω)] were computed using Visual Foxpro Version 6, which gave calculated values

pertaining to electrical properties of the cell model as compared with experimental values. The process was

repeated until the error percentile was in an acceptable range. The calculated  parameters were the dielectric

constants and the conductivities of the inner cytoplasm (εεεεεic
, σσσσσic

), the outer cytoplasm (εεεεεoc
, σσσσσoc

), the inner

membrane (εεεεεim
, σσσσσim

), the outer membrane (εεεεεom
, σσσσσom

), the suspending solution(εεεεεs
, σσσσσs

) and the thickness of each

layer (d
om

, d
oc

, d
im

), respectively. This computer program provides estimated values of cell electrical proper-

ties with high accuracy and required minimal computational time.

Key words : dielectric dispersion, double-shell model, dielectrophoresis,
computer program, dielectric constant, conductivity
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Development of a single cell spherical shell model

Bunthawin, S. and Boonlamp, M.
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‰¥âæ—≤π“·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å‡´≈≈å‡¥’Ë¬«∑√ß°≈¡‡ª≈◊Õ° Õß™—Èπ (Spherical Double Shell Model, SDM)

‚¥¬Õ“»—¬ ¡°“√≈“ª≈“  (Laplaceûs equation) µ“¡√–∫∫æ‘°—¥∑√ß°≈¡·≈–„™â‡ß◊ËÕπ‰¢¢Õ∫ (boundary conditions)

§”π«≥§«“¡‡¢â¡ π“¡‰øøÑ“·≈–§à“‰¥Õ‘‡≈Á°∑√‘°∑’Ë·µà≈–∫√‘‡«≥∑—Èß¿“¬„π·≈–¿“¬πÕ°´≈≈å‡æ◊ËÕ§”π«≥§à“ à«π®√‘ß

¢Õßøíß°å™—Ëπ§«“¡∂’Ë [Re[f(ωωωωω)] ¥â«¬‚ª√·°√¡§Õ¡æ‘«‡µÕ√å∑’Ë‡¢’¬π∫π Visual Foxpro Version 6 ·≈â«§”π«≥§à“ ¡∫—µ‘

∑“ß‰øøÑ“¢Õß‡´≈≈å¥â«¬«‘∏’‡ª√’¬∫‡∑’¬∫§à“ [Re[f(ωωωωω)] ∑’Ë§”π«≥®“°·∫∫®”≈Õß°—∫§à“∑’Ë‰¥â®“°°“√∑¥≈Õß ‚ª√·°√¡

®–∑”´È”®π°√–∑—Ëß¡’§à“‡ªÕ√å‡´πµå§«“¡§≈“¥‡§≈◊ËÕπÕ¬Ÿà„π√–¥—∫∑’Ë‡À¡“– ¡  §à“∑’Ë§”π«≥‰¥â·°à §à“‰¥Õ‘‡≈Á°∑√‘°¢Õß

‰´‚∑æ≈“ ´÷¡ (εεεεε
ic
) ¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å™—Èπ„π (εεεεε

im
) ¢Õß‰´‚∑æ≈“ ´÷¡™—ÈππÕ° (εεεεε

oc
) ¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å™—ÈππÕ° (εεεεε

om
) ¢Õß

 “√≈–≈“¬¿“¬πÕ°‡´≈≈å (εεεεε
s
)  §à“ ¿“æπ”‰øøÑ“¢Õß‰´‚∑æ≈“ ´÷¡ (σσσσσ

ic
) ¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å™—Èπ„π (σσσσσ

im
) ¢Õß‰´‚∑

æ≈“ ´÷¡™—ÈππÕ° (σσσσσ
oc
) ¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å™—ÈππÕ° (σσσσσ

om
) ¢Õß “√≈–≈“¬¿“¬πÕ°‡´≈≈å (σσσσσ

s
) ·≈–§«“¡Àπ“·µà≈–™—Èπ

Õß§åª√–°Õ∫¢Õß‡´≈≈å (d
om
, d

oc
, d

im
) µ“¡≈”¥—∫ ‡¡◊ËÕ∑¥≈Õß„™â‚ª√·°√¡§”π«≥¥—ß°≈à“« æ∫«à“¡’§«“¡ –¥«°

√«¥‡√Á«·≈–·¡àπ¬”

°“√»÷°…“ ¡∫—µ‘∑“ß‰øøÑ“¢Õß‡´≈≈å‡ªìπß“π«‘®—¬∑’Ë
¡ÿàß‡πâπ°“√µ√«® Õ∫§à“‰¥Õ‘‡≈Á°∑√‘°·≈– ¿“æπ”‰øøÑ“
¢Õß‡´≈≈å∫πæ◊Èπ∞“π¢Õß·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å  à«π
„À≠à‡≈◊Õ°„™â«‘∏’°≈»“ µ√å‰øøÑ“ (electro-mechanics)

(Marzalek et al., 1991   Gimsa et al., 1991 ·≈– Radu

et al., 1996) §«∫§Ÿà°—∫«‘∏’‰¥Õ‘‡≈Á°∑√‘° ‡ª°‚∑√ ‚§ªï
(dielectric spectroscopy) (Gheorghiu, 1996; Asami

et al., 1996 ·≈– Asami, 2002) ∑—Èß Õß«‘∏’¡’¢âÕ¥’·≈–
¢âÕ¥âÕ¬ °≈à“«§◊Õ «‘∏’·√°„™â»÷°…“°—∫‡´≈≈å‡¥’Ë¬«·≈–®”‡ªìπ
µâÕß„™â π“¡‰øøÑ“∑’Ë¡’§«“¡‡¢â¡ Ÿß (°‘‚≈‚«≈µåµàÕ‡¡µ√) ‡æ◊ËÕ
‡Àπ’Ë¬«π”„Àâ‡´≈≈å‡§≈◊ËÕπ∑’ËÀ√◊ÕÀ¡ÿπµ—« ®÷ß¡—°‡°‘¥ªí≠À“
§«“¡√âÕπ¢÷Èπ∑’Ë¢—È«‰øøÑ“‚¥¬‡©æ“–∑’Ë§«“¡∂’Ë π“¡‰øøÑ“
¬à“πµË” ¡’«‘∏’À≈’°‡≈’Ë¬ß‚¥¬°“√≈¥ ¿“æπ”‰øøÑ“¢Õß “√
≈–≈“¬∑’Ë„™â·¢«π≈Õ¬‡´≈≈å·µàÕ“® àßº≈°√–∑∫µàÕ ¡∫—µ‘
∑“ß‰øøÑ“¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å (Schwan, 1988)  ¢âÕ¡Ÿ≈∑’Ë‰¥â
®“°º≈°“√∑¥≈Õß Õ“∑‘ §«“¡‡√Á«‡™‘ß‡ âπ°“√‡§≈◊ËÕπ∑’Ë·≈–
§«“¡‡√Á«‡™‘ß¡ÿ¡„π°“√À¡ÿπ®–∂Ÿ°π”‰ª§”π«≥À“ ¡∫—µ‘
∑“ß‰øøÑ“ (Mahaworasilpa et al., 1994, 1996)  ”À√—∫
«‘∏’À≈—ß„™â»÷°…“°—∫°≈ÿà¡‡´≈≈å·¢«π≈Õ¬·≈–‰¡à®”‡ªìπµâÕß
„™â π“¡‰øøÑ“∑’Ë¡’§«“¡‡¢â¡ Ÿß·µàµâÕß«—¥§à“Õ‘¡æ‘·¥π´å‡æ◊ËÕ

§”π«≥§à“‰¥Õ‘‡≈Á°∑√‘°·≈– ¿“æπ”‰øøÑ“¢Õß‡´≈≈å ®÷ß
ª√– ∫ªí≠À“‡√◊ËÕß°“√‚æ≈“‰√ ǻ¢Õß¢—È«‰øøÑ“∑’Ë§«“¡∂’Ë π“¡
‰øøÑ“¬à“πµË” ·µà∂÷ßÕ¬à“ß‰√°Áµ“¡ °√–∫«π°“√»÷°…“ ¡∫—µ‘
∑“ß‰øøÑ“¥â«¬«‘∏’À≈—ß¡—°„™â‡«≈“πâÕ¬°«à“«‘∏’·√°  µàÕ¡“
Asami ·≈–§≥– (1996) ‰¥âæ—≤π“™ÿ¥Õÿª°√≥å ç ·°ππ‘Ëß
‰¥Õ‘‡≈Á°∑√‘°‰¡‚§√ ‚§ªé (scanning dielectric micro-

scope) ∑’Ë¡’À—««—¥‚¥¬µ√ß°—∫°≈ÿà¡‡´≈≈å‡ªÑ“À¡“¬ ª√–°Õ∫
¥â«¬ À—««—¥‰¥Õ‘‡≈Á°∑√‘° Õ‘¡æ‘·¥π´å¡‘‡µÕ√å ·≈–™ÿ¥‰¡‚§√
§Õ¡æ‘«‡µÕ√åæ√âÕ¡´Õø∑å·«√å  “¡“√∂µàÕæà«ß°—∫√–∫∫
ª√–¡«≈º≈§Õ¡æ‘«‡µÕ√å  §à“µà“ßÊ ∑’Ë‰¥â®“°°“√«—¥®–∂Ÿ°
π”‰ª§”π«≥ ¡∫—µ‘∑“ß‰øøÑ“¢Õß‡´≈≈å ´÷Ëß‡ªìπß“π«‘®—¬∑’Ë
∑”¢“¬„π‡™‘ßæ“≥‘™¬å„™â‡∑§‚π‚≈¬’ Ÿß √“§“§àÕπ¢â“ß·æß
‡©æ“–™ÿ¥Õ‘¡æ‘·¥π´å¡‘‡µÕ√å¡’√“§“ Ÿß∂÷ß‡°â“· π∫“∑ (√ÿàπ
HP 4285A Precision LCR Meter) ®÷ßÕ“®‰¡à‡À¡“–°—∫
°“√»÷°…“‡√‘Ë¡µâπ

ß“π«‘®—¬π’È ®÷ß‡ πÕÕ’°∑“ß‡≈◊Õ°Àπ÷Ëß∑’Ëª√–À¬—¥
§à“„™â®à“¬°«à“ ‡æ√“–‡ªìπ«‘∏’°≈»“ µ√å‰øøÑ“¢Õß‡´≈≈å∑’Ë‰¡à
®”‡ªìπµâÕß„™âÀ—««—¥‰¥Õ‘‡≈Á°∑√‘°  ·µàµâÕßÕ“»—¬¢âÕ¡Ÿ≈∫“ß
 à«π‡æ◊ËÕ§”π«≥§à“ à«π®√‘ß¢Õßøíß°å™—Ëπ§«“¡∂’Ë (Re[f(ω)])

µ“¡∑’Ë Wanichapichart ·≈–§≥– (2002) ‰¥â‡ πÕ‰«â ‡∑à“
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∑’Ëºà“π¡“ ·∫∫®”≈Õß‡´≈≈å‡¥’Ë¬«∑√ß°≈¡‡ª≈◊Õ°Àπ÷Ëß™—Èπ
(Spherical Single Shell Model,SSM) ‡À¡“– ¡°—∫
≈—°…≥–∑“ß°“¬¿“æ¢Õß‡´≈≈å‡´≈≈å —µ«å·≈–‚æ√‚∑æ≈“ µå
æ◊™ (Gimsa et al., 1991 ·≈– Kaler and Jones, 1990)

¢≥–∑’Ë·∫∫®”≈Õß‡´≈≈å‡¥’Ë¬«∑√ß°≈¡‡ª≈◊Õ° Õß™—Èπ
(Spherical Double Shell Model, SDM) ‡À¡“– ¡°—∫
‡´≈≈å —µ«å∫“ß™π‘¥·≈–‡´≈≈åæ◊™∑’Ë¡’ºπ—ß‡´≈≈å (Asami and

Irimajiri, 1984)  ·∫∫®”≈Õß∑—Èß Õß∑’Ë°≈à“«∂◊Õ‡ªìπ·∫∫
®”≈Õßæ◊Èπ∞“π ¡’®”π«πæ“√“¡‘‡µÕ√å∑’Ë‡°’Ë¬«¢âÕßÀ≈“¬§à“
¢÷Èπ°—∫≈—°…≥–∑“ß°“¬¿“æ¢Õß·∫∫®”≈Õß ‡™àπ √Ÿª∑√ß
¢Õß‡´≈≈å  ·≈–§à“‰¥Õ‘‡≈Á°∑√‘°‡™‘ß´âÕπ¢Õß‡´≈≈å (εeff*)

√«¡∑—Èß§«“¡‡¢â¡ π“¡‰øøÑ“¿“¬πÕ°‡´≈≈å (E
0
) ·≈–¿“¬

„π‡´≈≈å (E
1
) ·µà¬—ß‰¡à‰¥âπ‘æ®πå„π√Ÿª ¡°“√∑’Ë¢÷Èπ°—∫§à“

Re[f(ω)] ¬—ßº≈„Àâ‡°‘¥§«“¡≈”∫“°µàÕ°“√§”π«≥ ·∫∫
®”≈Õß·√°®÷ß∂Ÿ°π”¡“æ—≤π“‡ªìπ‚ª√·°√¡§Õ¡æ‘«‡µÕ√å
‚¥¬  Bunthawin  ·≈–§≥–  (2003)  ‡æ◊ËÕ≈¥¿“√–°“√
§”π«≥§à“ Re[f(ω)] ¥â«¬¡◊Õ   Õ¬à“ß‰√°Á¥’ ‚ª√·°√¡
¥—ß°≈à“«„™â‰¥â°—∫‡´≈≈å∑’Ë¡’≈—°…≥–‡¢â“°—∫·∫∫®”≈Õß∑’Ë
‡À¡“– ¡‡∑à“π—Èπ Õ“∑‘ ‚æ√‚∑æ≈“ µå®“°„∫ —∫ª–√¥®÷ßÕ“®
‰¡à “¡“√∂π”‰ªª√–¬ÿ°µå„™â°—∫‡´≈≈å∑’Ë¡’‡ª≈◊Õ°Àÿâ¡¡“°°«à“
Àπ÷Ëß™—Èπ‰¥â

ºŸâ«‘®—¬®÷ß‰¥âæ—≤π“·∫∫®”≈Õß SDM „Àâπ‘æ®πå„π
√Ÿª ¡°“√ Re[f(ω)] ·≈â«‡¢’¬π‚ª√·°√¡§Õ¡æ‘«‡µÕ√å
§”π«≥ ¡∫—µ‘∑“ß‰øøÑ“®“° ¡°“√¥—ß°≈à“« ‡√‘Ë¡µâπ∑¥≈Õß
„™â‚ª√·°√¡π’È°—∫§à“ ¡¡µ‘   µàÕ¡“‰¥â∑¥≈Õß°—∫‡´≈≈å
·æ≈ß°åµÕπæ◊™ Chlorella sp. (Wanichapichart et al.,

2002) §à“∑’Ë§”π«≥‰¥â®“°‚ª√·°√¡ ‰¥â·°à §à“‰¥Õ‘‡≈Á°∑√‘°
·≈– ¿“æπ”‰øøÑ“¢Õß‰´‚∑æ≈“ ´÷¡·≈–¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å
√«¡∂÷ß§”π«≥§«“¡Àπ“·µà≈–™—ÈπÕß§åª√–°Õ∫¢Õß‡´≈≈å
µ“¡≈”¥—∫

∑ƒ…Æ’∑’Ë‡°’Ë¬«¢âÕß

°“√æ—≤π“·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å¢Õß‡´≈≈å
∂Ÿ°°”Àπ¥¥â«¬ªí®®—¬∑“ß°“¬¿“æ (Asami et al., 1996)

‡π◊ËÕß®“°Õß§åª√–°Õ∫À≈—°¿“¬„π‡´≈≈å à«π„À≠à‰¡à‡ªìπ
√Ÿª∑√ß‡√¢“§≥‘µ ®÷ß‡ªìπÕÿª √√§µàÕ°“√æ—≤π“·∫∫®”≈Õß
„π√–¬–‡√‘Ë¡µâπ ß“π«‘®—¬π’È®÷ß≈–√“¬≈–‡Õ’¬¥¿“¬„π·≈–∂◊Õ

Õπÿ‚≈¡«à“‰´‚∑æ≈“  ÷́¡·≈–π‘«‡§≈’¬ ∑’ËÕ¬Ÿà„π·«§§‘«‚Õ≈
‡ªìπ¢Õß‡À≈«‡π◊ÈÕ‡¥’¬«°—π‡™àπ‡¥’¬«°—∫ Asami ·≈–
Irimajiri (1984) ‚¥¬°”Àπ¥„Àâ‰´‚∑æ≈“  ÷́¡™—Èπ„π (inner

cytoplasm, ic) ‡ªìπ»Ÿπ¬å°≈“ß¢Õß‡´≈≈å∑√ß°≈¡√—»¡’ R

∑’Ë∂Ÿ°ÀàÕÀÿâ¡¥â«¬‡¬◊ËÕÀÿâ¡‡´≈≈å™—Èπ„π (inner membrane, im)

‰´‚∑æ≈“  ÷́¡™—ÈππÕ° (outer cytoplasm, oc) ·≈–‡¬◊ËÕ
Àÿâ¡‡´≈≈å™—ÈππÕ° (outer membrane, om) µ“¡≈”¥—∫
„™â√–¬–∑“ß„π·π«√—»¡’ r ‡ªìπµ—«°”Àπ¥§«“¡Àπ“¢Õß
·µà≈–™—Èπ (Figure 1a) ·≈–„Àâ∑ÿ°Õß§åª√–°Õ∫‡ªìπ«— ¥ÿ
‰¥Õ‘‡≈Á°∑√‘°∑’Ë¡’§à“‰¥Õ‘‡≈Á°∑√‘°‡™‘ß ấÕπ (ε*) ∑’Ëµà“ß°—π
·¢«π≈Õ¬‡´≈≈å„π “√≈–≈“¬‰¥Õ‘‡≈Á°∑√‘°∑’Ë¡’§à“ ¿“æ
π”‰øøÑ“µË”¿“¬„µâÕ‘∑∏‘æ≈¢Õß π“¡‰øøÑ“·∫∫°√–·  ≈—∫
§”π«≥§«“¡‡¢â¡ π“¡‰øøÑ“ (E)  ·≈–»—°¬å‰øøÑ“ (Ψ)

¿“¬„π‡´≈≈å®“°º≈‡©≈¬¢Õß ¡°“√≈“ª≈“´ (Laplace)

æ‘°—¥∑√ß°≈¡®“° ¡°“√¢Õß Pohl (1978) ´÷Ëß¡’§à“¢÷Èπ°—∫
√–¬– r  ¡ÿ¡ θ  ·≈– φ  (Figure 1b) µ“¡ ¡°“√
∫√‘‡«≥‰´‚∑æ≈“  ÷́¡™—Èπ„π:

Ψ
ic

= A
ic
r cosθ (1)

∫√‘‡«≥‡¬◊ËÕÀÿâ¡‡´≈≈å™—Èπ„π

Ψ
im

= A
im

r +
B

im

r2







cosθ (2)

∫√‘‡«≥‰´‚∑æ≈“ ´÷¡™—ÈππÕ°

Ψ
oc

= A
oc

r +
B

oc

r2







cosθ (3)

∫√‘‡«≥‡¬◊ËÕÀÿâ¡‡´≈≈å™—ÈππÕ°

Ψ
om

= A
om

r +
B

om

r2







cosθ (4)

‡¡◊ËÕ§à“ Aij ·≈– Bij ‡ªìπ§à“∑’ËÀ“®“°‡ß◊ËÕπ‰¢¢Õ∫ (boundary

conditons) ( ¡°“√ ¿1 - ¿13)  ·∑π§à“‡À≈à“π’È°≈—∫„π
 ¡°“√¢â“ßµâπ‡æ◊ËÕ§”π«≥§«“¡‡¢â¡ π“¡‰øøÑ“ E1 ®“°

§«“¡ —¡æ—π∏å   E = −
r
∇Ψ  ·≈â«·∑π≈ß„π ¡°“√ ε

eff

* ®–

‰¥â

ε
eff

* = ε
om

* 2(1− V
1
) + (1+ 2V

1
)E

1

(2 + V
1
) + (1− V

1
)E

1







(5)

µ—«·ª√ V1 ·≈– E1 ‡ªìπ‰ªµ“¡ ¡°“√ ¿19 „π¿“§ºπ«°

‡¡◊ËÕøíß°å™—Ëπ§«“¡∂’Ë¡’§à“¢÷Èπ°—∫ ε
eff

* µ“¡ ¡°“√
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f (ω) = φ
ε

eff

* − ε
s

*

ε
eff

* + 2ε
s

*







(6)

·∑π ¡°“√ (5) ≈ß„π ¡°“√ (6) ·≈–„™â§«“¡ —¡æ—π∏å ε
eff

*

= ε
eff

− j
σ

eff

ω   (‡¡◊ËÕ j §◊Õ®”π«π®‘πµ¿“æ ·≈– ω §◊Õ

§«“¡∂’Ë‡™‘ß¡ÿ¡¢Õß π“¡‰øøÑ“) ·≈â«·¬°‡¢’¬π‡©æ“– à«π
®√‘ß®–‰¥â

Re[ f (ω)] = Re[φ(
Z

1
Z

3
+ Z

2
Z

4

Z
3

2 + Z
4

2 )] (7)

‡¡◊ËÕ φ §◊Õ‡»… à«πª√‘¡“µ√‡´≈≈å (volume fraction) ¡’§à“
0.3 ( ¡°“√ ¿26) ·≈–µ—«·ª√ Z ¡’§à“¢÷Èπ°—∫§à“§ß∑’Ë‰¥-

Õ‘‡≈Á°∑√‘° (ε)  ¿“æπ”‰øøÑ“ (σ) ·≈–§«“¡∂’Ë¢Õß π“¡
‰øøÑ“ ( ¡°“√ ¿27)

Re[f(ω)] µ“¡ ¡°“√ (7) ‡ªìπ§à“∑’Ë§”π«≥‰¥â®“°
·∫∫®”≈Õß∑“ß§≥‘µ»“ µ√å  „π¢≥–‡¥’¬«°—π “¡“√∂À“
§à“‰¥â¥â«¬«‘∏’∑“ß°“√∑¥≈Õß (Bunthawin et al., 2003)

À“°æ≈Õµ§à“∑—Èß Õß√à«¡°—π∫π·°π°√“ø‡∑’¬∫°—∫§«“¡∂’Ë
¢Õß π“¡‰øøÑ“ ·≈â«‡¢’¬π‚ª√·°√¡§Õ¡æ‘«‡µÕ√å§«∫§ÿ¡
°“√§”π«≥§à“ Re[f(ω)] ®“°·∫∫®”≈Õß„Àâ≈Ÿà‡¢â“ Ÿà§à“∑’Ë‰¥â
®“°°“√∑¥≈Õß®π°√–∑—Ëß¡’§à“‡ªÕ√å‡´πµå§«“¡§≈“¥‡§≈◊ËÕπ
Õ¬Ÿà„π√–¥—∫∑’ËµË” ÿ¥  ¥â«¬«‘∏’¥—ß°≈à“«®–À“§à“‰¥Õ‘‡≈Á°∑√‘°
·≈– ¿“æπ”‰øøÑ“¢Õß‰´‚∑æ≈“ ´÷¡·≈–¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å
‰¥â„π∑’Ë ÿ¥

(b)

Figure 1. Spherical dielectric double shell model(SDM): (a) complex permittivity ( εε
ij

*
) for

each phase. Subscripts (ij's) have the following meanings: s, suspending medium;

c, cytoplasm; m, membrane; i, internal compartment; and o, outer compartment.

εε
ic

* ,εε
im

* ,εε
oc

* ,εε
om

*
 and εε

s

*
are the complex permittivities of the inner cytoplasm, the

inner membrane, the outer cytoplasm, the outer membrane and the suspending

medium, respectively. R and R
ij
 are the outer and the inner radius of the shell, d

ij

is the thickness of the shell. when εε
ij

* = εε
ij

− j
σ

ij

ω , where εεεεε is the permittivity

(F m-1), σσσσσ  is the conductivity (S m-1 ), ωωωωω is the angular frequency of the electric

field (rad s-1), and j is the imaginary number equal −1 , (b) spherical-coordinate,

where r̂  is the unit vector of the radius, θθθθθ  and φφφφφ are the angles which measured

respect to z -axis and x-y plane, respectively.
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«‘∏’∑¥≈Õß·≈–°“√§”π«≥

1. »—°¬å‰øøÑ“¿“¬„π‡´≈≈å

æ≈Õµ»—°¬å‰øøÑ“∑’Ë·µà≈–∫√‘‡«≥¿“¬„π‡´≈≈å®“°
 ¡°“√ (1) - (4) „πÀπà«¬‚«≈µå ‡∑’¬∫°—∫√–¬–√—»¡’ r

(distance) „πÀπà«¬‰¡§√Õπ  ·≈–¡ÿ¡ θ (angle) ¡’¢’¥
®”°—¥®“° 0 ∂÷ß ±90 Õß»“ §”π«≥‡∑Õ¡ Aij ·≈– Bij ®“°
 ¡°“√ ¿ 13° (¥Ÿ¿“§ºπ«°) ‚¥¬Õ‘ß§à“µ—«·ª√µà“ßÊ µ“¡
Table 1 ‰¥âº≈°“√§”π«≥¥—ßµ—«Õ¬à“ß»—°¬å‰øøÑ“¿“¬„π
‰´‚∑æ≈“ ´÷¡™—Èπ„π (Figure 2)

2.  ‡ª°µ√—¡‰¥Õ‘‡≈Á°‚∑√øÕ‡√´‘ 

§”π«≥§à“ Re[f(ω)] ( ¡°“√ 7) ®“°¢âÕ¡Ÿ≈„π
Table 1 ·≈â«æ≈Õµ ‡ª°µ√—¡‰¥Õ‘‡≈Á°‚∑√øÕ‡√ ‘́ ¢Õß
Re[f(ω)] (Bunthawin et al.,2003) ∫π·°π°√“ø ‡°≈
≈ÁÕ°°“≈‘∏÷¡„π™à«ß§«“¡∂’Ë√–À«à“ß 10 ‡Œ‘√µ´å - 100 ‡¡°°–
‡Œ‘√µ´å  ¬à“π‡∫µâ“¥‘ ‡æÕ™—Ëπ (β-dispersion)  (Schwan,

1988) ∑¥≈Õßª√—∫‡ª≈’Ë¬π§à“‰¥Õ‘‡≈Á°∑√‘°·≈– ¿“æπ”‰øøÑ“
(Figure 3) §«“¡Àπ“¢ÕßÕß§åª√–°Õ∫·µà≈–™—Èπ·≈–√—»¡’
‡´≈≈å (Figure 4) ‡æ◊ËÕ»÷°…“º≈°√–∑∫®“°Õ‘∑∏‘æ≈¢Õß
µ—«·ª√ ·≈–‡ª√’¬∫‡∑’¬∫‡ âπ ‡ª°µ√—¡°—∫·∫∫®”≈Õß SSM

(Figure 5a) ·≈â«æ≈Õµ‡ª√’¬∫‡∑’¬∫°—∫§à“ Re[f(ω)] ∑’Ë‰¥â

®“°°“√∑¥≈Õß°—∫‡´≈≈å Chlorella sp. (Wanichapichart

et al., 2002) (Figure 5b )

3. ‰¥Õ‘‡≈Á°∑√‘°¥‘ ‡æÕ™—Ëπ

‡¢’¬π ¡°“√ (5) „π√Ÿªª√‘¡“≥‡™‘ß ấÕπ ‡æ◊ËÕ·¬°

 à«π®√‘ß (εeff) ÕÕ°®“° à«π®‘πµ¿“æ (
σ

eff

ω )  à«π®√‘ß

· ¥ß∂÷ß§à“‰¥Õ‘‡≈Á°∑√‘° ¡’§à“·ª√º°º—π°—∫§«“¡∂’Ë    à«π
®‘πµ¿“æ· ¥ß∂÷ß ¿“æπ”‰øøÑ“ ¡’§à“·ª√µ“¡§«“¡∂’Ë¢Õß
 π“¡‰øøÑ“·∫∫‰¡à‡™‘ß‡ âπ  §”π«≥§à“∑—Èß Õß ( ¡°“√ ¿
19 - ¿25) ®“°¢âÕ¡Ÿ≈„π Table 1 ·≈â«æ≈Õµ∫π·°π
°√“ø ‡°≈≈ÁÕ°°“≈‘∏÷¡√à«¡°—π  „π™à«ß§«“¡∂’Ë¬à“π‡∫µâ“
¥‘ ‡æÕ™—Ëπ (Figure 6)

«— ¥ÿ·≈–Õÿª°√≥å

‚ª√·°√¡§Õ¡æ‘«‡µÕ√å§”π«≥§à“§ß∑’Ë∑“ß‰øøÑ“·≈–

 ¡∫—µ‘‰¥Õ‘‡≈Á°∑√‘°

‡¢’¬π‚ª√·°√¡§”π«≥ ¡∫—µ‘∑“ß‰øøÑ“¢Õß‡´≈≈å
"DSM" (double shell model) µ“¡·∫∫®”≈Õß SDM

( ¡°“√ 7) ≈ß∫π‰¡‚§√§Õ¡æ‘«‡µÕ√å (Microchip, RAM

128 MB,CPU Pentium 800 MHz, HDD 20 GB,

Figure 2. Three-dimensional field pattern of a potential in the  inner cytoplasm. Calculations

employ the parameters shown in Table 1.
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Taiwan) µ“¡·ºπ¿“æ (Figure 7) ¥â«¬‚ª√·°√¡ ”‡√Á®√Ÿª
Visual Foxpro Version 6 ‚¥¬·∫àß‚ª√·°√¡‡ªìπ 3  à«π
‰¥â·°à  à«π Application: dsm.exe „™â‡π◊ÈÕ∑’ËÀπà«¬§«“¡®”
138 KB   à«π Application extension: Vfp6r.dll „™â
‡π◊ÈÕ∑’ËÀπà«¬§«“¡®” 855 KB ·≈– Vfp6renu.dll „™â
‡π◊ÈÕ∑’ËÀπà«¬§«“¡®” 3.21 MB √«¡‡π◊ÈÕ∑’ËÀπà«¬§«“¡®”
∑—ÈßÀ¡¥ ª√–¡“≥ 3.21 MB   ”À√—∫ à«π Application

®–µâÕß°”Àπ¥§à“æ“√“¡‘‡µÕ√å‡√‘Ë¡µâπ‡æ◊ËÕ‡√‘Ë¡°√–∫«π°“√
∑”´È”·≈–§”π«≥§à“ Re[f(ω)] ∑’Ë·µà≈–§«“¡∂’Ë π“¡‰øøÑ“

®π§√∫∑ÿ°§à“∑’Ë°”Àπ¥ (Figure 8) ·≈â«∑”´È”®π°√–∑—Ëß‰¥â
§à“‡ªÕ√å‡´πµå§«“¡§≈“¥‡§≈◊ËÕπµ“¡∑’Ë°”Àπ¥·≈–‡À¡“– ¡
(Bunthawin et al., 2003)   „π·µà≈–√Õ∫°“√∑” È́”
‚ª√·°√¡®–ª√—∫‡ª≈’Ë¬π§à“æ“√“¡‘‡µÕ√å·µà≈–µ—«Õ¬à“ß
µàÕ‡π◊ËÕß·∫∫Õ—µ‚π¡—µ‘¥â«¬§à“æ‘ —¬ (Range) ‡æ◊ËÕ„™â„π°“√
§”π«≥√Õ∫∂—¥‰ª Õ“»—¬À≈—°º≈°√–∑∫®“°Õ‘∑∏‘æ≈¢Õß
µ—«·ª√µàÕ ‡ª°µ√—¡‰¥Õ‘‡≈Á°‚∑√øÕ‡√´‘  (Figure 3, 4)

‡æ◊ËÕ°”Àπ¥≈”¥—∫¢—Èπ„π°“√ª√—∫‡ª≈’Ë¬π§à“ ß“π«‘®—¬π’È‡√’¬ß
≈”¥—∫°àÕπÀ≈—ß¥—ßπ’È  dom  dim  doc  σom  σoc  σim  σic  εom

Table 1. Summary of the permittivities and conductivities of the cytoplasm,

the membrane and the suspending medium for SDM and SSM

models.

      Model
Parameters / units          Figures

SDM SSM

εic 60ε0 60ε0 Fig. 3, 4, 5, 6 and 9
εim 8ε0 10ε0 Fig. 3, 4, 5, 6 and 9
εoc / F m-1 60ε0 - Fig. 3, 4, 5, 6 and 9
εom 8ε0 - Fig. 3, 4, 5, 6 and 9
εs 80ε0 80ε0 Fig. 3, 4, 5, 6 and 9

σic 0.1 0.1 Fig. 3, 4, 5, 6 and 9
σim 0.1µ 0.1µ Fig. 3, 4, 5, 6 and 9
σoc / S m-1 0.1 - Fig. 3, 4, 5, 6 and 9
σom 0.5µ - Fig. 3, 4, 5, 6 and 9
σs 0.05 0.05 Fig. 3, 4, 5, 6 and 9

R 20 20 Fig. 2, 3, 4, 5, 6 and 9
Ric 19.97 - Fig. 2, 3, 4, 5, 6 and 9
dim 10 - Fig. 2, 3, 4, 5, 6 and 9
doc 15 - Fig. 2, 3, 4, 5, 6 and 9
dom 10 - Fig. 2, 3, 4, 5, 6 and 9
δ - 10 Fig. 5 and 9*

ε
ic

*
5.31×10-10 - Fig. 2

ε
im

*
8.85×10-11 - Fig. 2

ε
oc

*
5.31×10-10 - Fig. 2

ε
om

*
8.85×10-11 - Fig. 2

E
0

/ kV m-1 40 40 Fig. 2*

*  for details see Mahaworasilpa et al., l994

Note: εεεεε0
 is the permittivity of the free space = 8.85×××××10-12  F m-1

/ µm

/ nm

/ F m-1
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εoc  εim  ·≈– σic µ“¡≈”¥—∫  πÕ°®“°π’È‚ª√·°√¡®–· ¥ß
‡«≈“„π°“√§”π«≥∑—ÈßÀ¡¥µ—Èß·µà‡√‘Ë¡µâπ®π∂÷ß ‘Èπ ÿ¥°“√
§”π«≥ (§à“≈–‡Õ’¬¥ ÿ¥„πÀπà«¬«‘π“∑’) ·≈–· ¥ß®”π«π
º≈‡©≈¬∑—ÈßÀ¡¥ (§à“ ¡∫—µ‘∑“ß‰øøÑ“¢Õß‡´≈≈å) ∑’ËÕ¬Ÿà„π
™à«ß‡ªÕ√å‡´πµå§«“¡§≈“¥‡§≈◊ËÕπ∑’Ë°”Àπ¥

º≈°“√∑¥≈Õß·≈–«‘®“√≥å

1. ·∫∫®”≈Õß SDM

®“°≈—°…≥–∑“ß°“¬¿“æ¢Õß·∫∫®”≈Õß∑’Ë‡ªìπ∑√ß
°≈¡ æ∫«à“»—°¬å‰øøÑ“¿“¬„π‡´≈≈å¡’§à“¢÷Èπ°—∫√–¬–√—»¡’ r

Figure 3. Theoretical plots of Re[f(ωωωωω)] as a function of field frequency for various values of

the permittivities (a, b, c and d ) and conductivities (e, f, g and h )of the inner

cytoplasm, the inner membrane, the outer cytoplasm and the outer membrane,

respectively. The solid lines were plotted using the parameters shown in Table 1.
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Figure 3.  (Continued)

·≈–¡ÿ¡ θ (Figure 1a, 1) °≈à“«§◊Õ ∑’Ë®ÿ¥»Ÿπ¬å°≈“ß‡´≈≈å
®–¡’»—°¬å‡ªìπ»Ÿπ¬å·≈–®–¡’§à“‡æ‘Ë¡¢÷Èπµ“¡√–¬–§”π«≥ ¡’
§à“ Ÿß ÿ¥∫√‘‡«≥„°≈â‡¬◊ËÕÀÿâ¡‡´≈≈å·π«¡ÿ¡ θ = 0 Õß»“ ·≈–
®–πâÕ¬≈ß∂â“¡ÿ¡¡“°¢÷Èπµ“¡≈”¥—∫ ‚¥¬‡©æ“–∑’Ë¡ÿ¡ 180

Õß»“ §à“»—°¬å‰øøÑ“®–¡’§à“µ‘¥≈∫ Ÿß ÿ¥ (Figure 2) ‡¡◊ËÕ

æ≈Õµ°√“ø„π≈—°…≥–‡¥’¬«°—π°—∫∑’Ë∫√‘‡«≥Õ◊Ëπ¢Õß‡´≈≈å
æ∫«à“§≈â“¬§≈÷ß°—π ·µ°µà“ß‡æ’¬ß·Õ¡æ≈‘®Ÿ¥¢Õß»—°¬å‰øøÑ“
∑’Ë¡’§à“ Ÿß°«à“∫√‘‡«≥¿“¬„π‰´‚∑æ≈“ ´÷¡

‡¡◊ËÕ§”π«≥§«“¡‡¢â¡ π“¡‰øøÑ“®“°§«“¡™—π
°√“ø¢Õß»—°¬å‰øøÑ“‡∑’¬∫°—∫√–¬–∑“ß (Figure 2) æ∫«à“
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Figure 4. Theoretical plots of Re[f(ωωωωω)] as a function of field frequency for various values of

the thickness of the shells (a, b and c) and the outer radius (d). The solid lines were

plotted using the parameters shown in Table 1.

∑’Ë∫√‘‡«≥‰´‚∑æ≈“ ´÷¡™—Èπ„π¡’§à“ 12.5 °‘‚≈‚«≈µå ‡¡µ√-1

∑’Ë‡¬◊ËÕÀÿâ¡‡´≈≈å™—Èπ„π¡’§à“ 70 °‘‚≈‚«≈µå ‡¡µ√-1 ·≈–∑’Ë‰´‚∑
æ≈“ ´÷¡™—ÈππÕ°¡’§à“ 25 °‘‚≈‚«≈µå ‡¡µ√-1 µ“¡≈”¥—∫
§«“¡‡¢â¡ π“¡‰øøÑ“∑’Ë Ÿß‡™àππ’È πà“®–· ¥ß„Àâ‡ÀÁπ∂÷ß
≈—°…≥–‡¥àπ¢Õß ¡∫—µ‘‰¥Õ‘‡≈Á°∑√‘°‚¥¬‡©æ“–¿“¬„π‡¬◊ËÕ
Àÿâ¡‡´≈≈å

≈—°…≥–‚¥¬√«¡¢Õß ‡ª°µ√—¡‰¥Õ‘‡≈Á°‚∑√øÕ‡√´‘ 
∑’Ëæ≈Õµ„π™à«ß§«“¡∂’Ë 10 ‡Œ‘√µ´å ∂÷ß 100 ‡¡°°–‡Œ‘√µ´å
¡’§«“¡§≈â“¬§≈÷ß°—∫ ‡ª°µ√—¡∑’Ëæ≈Õµ®“°·∫∫®”≈Õß
SSM °≈à“«§◊Õ ‡À¡◊Õπ°—π„π‡√◊ËÕß¢Õß√Ÿª∑√ß°√“ø ‡æ√“–
¡’≈—°…≥–§≈â“¬√–¶—ß§«Ë” ¡’∞“π°√“ø 2 ∫√‘‡«≥ ∫√‘‡«≥
Àπ÷ËßÕ¬Ÿà∑’Ë§«“¡∂’Ë¬à“πµË”¡—°¡’§à“µ‘¥≈∫ (∞“π°√“ø§«“¡∂’Ë
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Figure 5. Comparing Re[f(ωωωωω)], which is obtained from the (a) theoretical SDM, SSM (inter-

rupted line) and experimental values(o) for Chlorella sp. (b) The solid - line was

plotted using the following parameters:

εεεεεic
 = 75  εεεεε0

, ε ε ε ε εim
 = 30  εεεεε0

, ε ε ε ε εoc
 = 40  εεεεε0

, ε ε ε ε εom
 =  30  εεεεε0

, ε ε ε ε εs
 = 80 (F m-1)

σσσσσic
 =  0.2, σσσσσim

 =  1µµµµµ, σσσσσoc
 = 0.1, σσσσσom

 = 15µµµµµ, σσσσσs
 = 0.003 (S m-1)

R  = 1 µµµµµm  and  d
im

 = 8, d
oc

 = 10,  d
om

 = 10 (nm).

µË”)  ·≈–Õ’°∫√‘‡«≥Õ¬Ÿà∑’Ë§«“¡∂’Ë¬à“π Ÿß (∞“π°√“ø§«“¡∂’Ë
 Ÿß) ®ÿ¥ Ÿß ÿ¥¢Õß°√“ø (¬Õ¥°√“ø) ¡’®ÿ¥«°°≈—∫Õ¬Ÿà∑’Ë
∫√‘‡«≥§«“¡∂’Ë π“¡‰øøÑ“¬à“π°≈“ß ‡ªìπ∑’Ë —ß‡°µ«à“¿“¬„µâ

‡ß◊ËÕπ‰¢‡¥’¬«°—π  ·Õ¡æ≈‘®Ÿ¥¢Õß ‡ª°µ√—¡‰¥Õ‘‡≈Á°‚∑√
øÕ‡√´‘ ¢Õß·∫∫®”≈Õß  SSM  ®–¡’§à“ Ÿß°«à“¢Õß·∫∫
®”≈Õß SDM Õ¬à“ß¡’π—¬ ”§—≠¬‘Ëß (Figure 5a) ∑”„Àâ·∫∫
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Figure 6. Theoretical plots between of relative permittivity, εεεεε, (solid line) and conductivity,

σσσσσ, (interrupted line) predictable from the SDM. (see also Figure 9)

®”≈Õß SDM ¡’≈—°…≥– Õ¥§≈âÕß°—∫ ‡ª°µ√—¡‰¥Õ‘‡≈Á°
‚∑√øÕ‡√´‘ ¢Õß‡´≈≈å Chlorella sp. ¡“°°«à“·∫∫®”≈Õß
SSM (Figure 5b) ´÷Ëß ¡‡Àµÿ ¡º≈‡æ√“–‡´≈≈å¥—ß°≈à“«¡’
ºπ—ß‡´≈≈å¡“°°«à“Àπ÷Ëß™—Èπ (Hills and Nakamura, 1978)

°“√æ≈Õµ°√“ø‡æ◊ËÕ‡ª√’¬∫‡∑’¬∫¢π“¥¢Õß Re[f(ω)] ®“°
∑—Èß Õß·∫∫®”≈Õß‡™àππ’È ‡∑à“∑’ËºŸâ«‘®—¬∑√“∫„π¢≥–π’È¬—ß‰¡à¡’
ß“π«‘®—¬Õ◊Ëπ√“¬ß“πº≈‰«â  à«π„À≠à®–‡ª√’¬∫‡∑’¬∫‡©æ“–
¢π“¥¢Õß‰¥Õ‘‡≈Á°∑√‘°¥‘ ‡æÕ™—Ëπ (Asami et al., 1996)

®÷ßÕπÿ¡“π‰¥â«à“¢π“¥¢Õß‰¥‚æ≈‚¡‡¡πµå∑’Ë∂Ÿ°‡Àπ’Ë¬«π”
¿“¬„π‡´≈≈åµ“¡·∫∫®”≈Õß SSM ®–¡’§à“¡“°°«à“¢Õß
SDM ‡ ¡Õ¿“¬„µâ‡ß◊ËÕπ‰¢∑’Ë§≈â“¬§≈÷ß°—π (Table 1)

‡¡◊ËÕ∑¥≈Õßª√—∫‡ª≈’Ë¬π§à“‰¥Õ‘‡≈Á°∑√‘°¢Õß‰´‚∑
æ≈“ ´÷¡™—ÈππÕ° (εoc) (Figure 3) „π™à«ß 50-70 ‡∑à“¢Õß
‰¥Õ‘‡≈Á°∑√‘°¢Õß ÿ≠≠“°“»  æ∫«à“‰¡àª√“°Æº≈°√–∑∫
‡¥àπ™—¥ · ¥ß«à“ εoc ‡ªìπæ“√“¡‘‡µÕ√å∑’Ë¡’§«“¡‰«µË”·≈–¡’
º≈µàÕ°“√‡°‘¥‰¥‚æ≈‚¡‡¡πµåπâÕ¬¡“° À“°ª√—∫§à“ ¿“æ
π”‰øøÑ“¢Õß‰´‚∑æ≈“ ´÷¡™—Èπ„π  (σic)  „π™à«ß  0.1-1

´’‡¡π å ‡¡µ√-1 æ∫«à“®– àßº≈°√–∑∫µàÕ ‡ª°µ√—¡∑’Ë™à«ß
§«“¡∂’Ë¬à“π Ÿß (∫√‘‡«≥‰À≈à°√“ø) °≈à“«§◊Õ ∂â“ σic ¡’§à“
¡“°¢÷Èπ®– àßº≈„Àâ ‡ª°µ√—¡¢¬—∫µ—«‡≈◊ËÕπ‰ª∑’Ë§«“¡∂’Ë π“¡
‰øøÑ“∑’Ë Ÿß¢÷Èπ  ∑”„Àâ¢Õ∫‡¢µ§«“¡∂’Ë π“¡‰øøÑ“¬à“π Ÿß
f (EDS) (Bunthawin et al., 2003) ¢¬—∫µ“¡‡≈◊ËÕπ‰ª∑’Ë

§«“¡∂’Ë¬à“π Ÿß¥â«¬‡™àπ°—π  ·≈–„π∑”πÕß§≈â“¬°—π ‡¡◊ËÕ
∑¥≈Õßª√—∫‡ª≈’Ë¬π§à“ ¿“æπ”‰øøÑ“¢Õß‰´‚∑æ≈“ ´÷¡™—Èπ
πÕ° (σom) „π™à«ß 0.1-10 ‰¡‚§√´’‡¡π å ‡¡µ√-1 æ∫«à“
 àßº≈°√–∑∫µàÕ ‡ª°µ√—¡∑’Ë™à«ß§«“¡∂’Ë¬à“πµË” (∫√‘‡«≥
∞“π°√“ø) °≈à“«§◊Õ ∂â“ σom  ¡’§à“¡“°¢÷Èπ®– àßº≈„Àâ∞“π
¢Õß ª°µ√—∫¢¬—∫µ—«‡≈◊ËÕπ‰ª∑’Ë§«“¡∂’Ë π“¡‰øøÑ“∑’Ë Ÿß¢÷Èπ
√«¡∑—Èß∑”„Àâ¢π“¥¢Õß Re[f(ω)] ¢¬—∫µ—«„Àâ§à“∫«° Ÿß¢÷Èπ
 àßº≈„Àâ¢Õ∫‡¢µ§«“¡∂’Ë π“¡‰øøÑ“¬à“πµË” f0(EDS) ¢¬—∫
µ“¡‡≈◊ËÕπ‰ª∑’Ë§«“¡∂’Ë¬à“π Ÿß¥â«¬‡™àπ°—π  ”À√—∫º≈°√–∑∫
¢Õß§à“‰¥Õ‘‡≈Á°∑√‘°¢Õß‰´‚∑æ≈“ ´÷¡™—Èπ„π (εic) ®– àßº≈
‡©æ“–∑’Ë∫√‘‡«≥∞“π ‡ª°µ√—¡§«“¡∂’Ë¬à“π Ÿß °≈à“«§◊Õ∂â“ εic

¡’§à“¡“°¢÷Èπ ®–∑”„Àâ∞“π ‡ª°µ√—¡¢¬—∫µ—«‡æ‘Ë¡·Õ¡æ≈‘®Ÿ¥
‡ªìπ∫«°‡æ‘Ë¡¢÷Èπ ·≈– àßº≈µàÕ f0(EDS) ‡æ’¬ß‡≈Á°πâÕ¬

À“°ª√—∫‡ª≈’Ë¬π§à“√—»¡’‡´≈≈å æ∫«à“ àßº≈°√–∑∫
µàÕ ‡ª°µ√—¡∑’Ë™à«ß§«“¡∂’Ë¬à“πµË” (∫√‘‡«≥∞“π°√“ø·≈–
‰À≈à°√“ø) °≈à“«§◊Õ √—»¡’‡´≈≈å¡’§à“¡“°¢÷Èπ®– àßº≈„Àâ‰À≈à
¢Õß ‡ª°µ√—¡∑’Ë§«“¡∂’Ë¬à“πµË”¢¬—∫µ—«‡≈◊ËÕπ‰ª∑’Ë§«“¡∂’Ë
 π“¡‰øøÑ“∑’ËµË”≈ß ∑”„Àâ¢π“¥¢Õß Re[f(ω)] ¢¬—∫µ—«„Àâ
§à“∫«° Ÿß¢÷Èπ  àßº≈„Àâ¢Õ∫‡¢µ§«“¡∂’Ë π“¡‰øøÑ“¬à“πµË”
¢¬—∫µ“¡‡≈◊ËÕπ‰ª∑’Ë§«“¡∂’Ë¬à“πµË”≈ß¥â«¬‡™àπ°—π  ‡ªìπ∑’Ë
 —ß‡°µ«à“√—»¡’‡´≈≈å àßº≈°√–∑∫µàÕ ‡ª°µ√—¡∫√‘‡«≥∞“π
°√“ø§«“¡∂’Ë¬à“πµË”‡™àπ°—π·µà¡’π—¬ ”§—≠πâÕ¬ ´÷Ëß‡ªìπ‰ª
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Figure 7. The calculation of the values of d
om

,  d
im

, d
oc

, σσσσσom
, σσσσσoc

, σσσσσim
, σσσσσic

, εεεεεom
, εεεεεoc

, εεεεεim
, and εεεεεic

 on

the Visual Foxpro Version 6

„π≈—°…≥–‡¥’¬«°—∫°“√ª√—∫‡ª≈’Ë¬π§«“¡Àπ“¢Õß‡¬◊ËÕÀÿâ¡
‡´≈≈å¿“¬πÕ°  §à“‰¥Õ‘‡≈Á°∑√‘°¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å™—ÈππÕ°
(εoc) ·≈– ¿“æπ”‰øøÑ“¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å¿“¬πÕ° (σim)

µ“¡≈”¥—∫ ·µà°√≥’¢Õß√—»¡’‡´≈≈å¡’º≈°√–∑∫∑’Ë‡¥àπ™—¥°«à“
 “¡°√≥’À≈—ß (Figure 3, 4)

Figure 4 · ¥ß„Àâ‡ÀÁπ«à“ ‡¡◊ËÕ∑¥≈Õß‡ª≈’Ë¬π§à“
§«“¡Àπ“¢Õß‰´‚∑æ≈“ ´÷¡™—ÈππÕ° (doc) æ∫«à“¡’º≈
°√–∑∫µàÕ ‡ª°µ√—¡‡©æ“–∑’Ë®ÿ¥«°°≈—∫¢Õß∞“π°√“ø
§«“¡∂’ËµË”‡∑à“π—Èπ °≈à“«§◊Õ ∂â“§«“¡Àπ“¡’§à“¡“°®– àßº≈
„Àâ ‡ª°µ√—¡¢¬—∫‡≈◊ËÕπ‰ª∑’Ë§«“¡∂’Ë π“¡‰øøÑ“∑’Ë Ÿß¢÷Èπ
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Figure 7.  (Continued)

(‡≈Á°πâÕ¬)   ”À√—∫§«“¡Àπ“‡¬◊ËÕÀÿâ¡‡´≈≈å™—Èπ„π (dim) æ∫
«à“ àßº≈°√–∑∫µàÕ ‡ª°µ√—¡∑’Ë™à«ß§«“¡∂’Ë¬à“πµË” (∫√‘‡«≥
∞“π°√“ø) °≈à“«§◊Õ ∂â“ dim ¡’§à“¡“°¢÷Èπ®– àßº≈„Àâ‰À≈à
¢Õß ª°µ√—∫∑’Ë§«“¡∂’Ë¬à“πµË”¢¬—∫µ—«‡≈◊ËÕπ‰ª∑’Ë§«“¡∂’Ë

 π“¡‰øøÑ“∑’ËµË”≈ß ∑”„Àâ¢π“¥¢Õß Re[f(ω)] ¢¬—∫µ—«„Àâ
§à“∫«° Ÿß¢÷Èπ  àßº≈„Àâ¢Õ∫‡¢µ§«“¡∂’Ë π“¡‰øøÑ“¬à“πµË”
¢¬—∫µ“¡‡≈◊ËÕπ‰ª∑’Ë§«“¡∂’Ë¬à“πµË”≈ß¥â«¬‡™àπ°—π

Figure 6 · ¥ß°“√¥‘ ‡æÕ™—Ëπ¢Õß§à“‰¥Õ‘‡≈Á°∑√‘°
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Figure 7.  (Continued)

¢Õß‡´≈≈å‡∑’¬∫°—∫§«“¡∂’Ë π“¡‰øøÑ“ ‡¡◊ËÕæ‘®“√≥“√Ÿª∑√ß
¢Õß°√“øæ∫«à“¡’≈—°…≥–≈¥À≈—Ëπ‡ªìπ 2 √–¥—∫µ“¡§«“¡∂’Ë
 π“¡‰øøÑ“ °≈à“«§◊Õ §à“‰¥Õ‘‡≈Á°∑√‘°®–¡’§à“≈¥πâÕ¬≈ß∂â“
§«“¡∂’Ë π“¡‰øøÑ“ Ÿß¢÷Èπ √–¥—∫·√°‡°‘¥¢÷Èπ∑’Ë§«“¡∂’Ë π“¡
‰øøÑ“¬à“πµË” ·≈–√–¥—∫ Õß‡°‘¥¢÷Èπ∑’Ë§«“¡∂’Ë π“¡‰øøÑ“

¬à“π Ÿß ®”π«π√–¥—∫¢—Èπ¥—ß°≈à“«πà“®–¡’ à«π‡°’Ë¬«¢âÕß°—∫
®”π«π™—Èπ‡¬◊ËÕÀÿâ¡‡´≈≈å (Schwan, 1988) ´÷Ëß·µ°µà“ß®“°
°√≥’¢Õß·∫∫®”≈Õß SSM (Figure 9)  ¢âÕ¡Ÿ≈®“°º≈
°√–∑∫µà“ßÊ ‡À≈à“π’È¡’ª√–‚¬™πå‡æ√“– “¡“√∂π”‰ª°”Àπ¥
≈”¥—∫¢—Èπ‡æ◊ËÕ‡¢’¬π‚ª√·°√¡§”π«≥§Õ¡æ‘«‡µÕ√å
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Figure 7.  (Continued)

2. ‚ª√·°√¡§Õ¡æ‘«‡µÕ√å DSM

º≈®“°°“√∑¥≈Õß„™â‚ª√·°√¡æ∫«à“Àπà«¬ª√–¡«≈
º≈¢Õß§Õ¡æ‘«‡µÕ√å„™â‡«≈“„π°“√§”π«≥ ¡∫—µ‘∑“ß‰øøÑ“
πâÕ¬¡“° ‡©≈’Ë¬Õ¬Ÿà„π™à«ßª√–¡“≥ 2-300 «‘π“∑’ (π—∫®“°
‡«≈“∑’Ë‚ª√·°√¡‡√‘Ë¡∑”´È”)   ∑—Èßπ’È¢÷Èπ°—∫§ÿ≥ ¡∫—µ‘¥â“π
§«“¡‡√Á«¢ÕßÀπà«¬ª√–¡«≈º≈§Õ¡æ‘«‡µÕ√å §à“æ‘ —¬ √«¡
∂÷ß°“√°”Àπ¥§à“‡ªÕ√å‡´πµå§«“¡º‘¥æ≈“¥·≈–§à“ ¡∫—µ‘
∑“ß‰øøÑ“¢Õß‡´≈≈å‡√‘Ë¡µâπ  °≈à“«‡ªìπ≈”¥—∫¥—ßπ’È§◊Õ  ∂â“
°”Àπ¥§à“æ‘ —¬„Àâ¡’§à“πâÕ¬®–„™â‡«≈“§”π«≥π“π ∑—Èßπ’È
‡æ√“–„π·µà≈–√Õ∫°“√∑”´È” §à“æ“√“¡‘‡µÕ√å∑’Ë‡ª≈’Ë¬π‰ª∑’
≈–πâÕ¬®– àßº≈„Àâ‚ª√·°√¡µâÕß∑”´È”¥â«¬®”π«π√Õ∫¡“°
¢÷Èπ  ´÷Ëß‡ªìπº≈¥’µàÕ°“√§”π«≥‡æ√“–§à“æ“√“¡‘‡µÕ√å∑’Ë
§”π«≥‰¥â®–¡’·π«‚πâ¡„Àâ§à“∑’Ë„°≈â‡§’¬ß°—∫º≈‡©≈¬¡“°
¬‘Ëß¢÷Èπ ·≈–„π∑“ß°≈—∫°—π®–‡ªìπ‰ª„π∑“ßµ√ß°—π¢â“¡ „π

°√≥’∑’Ë°”Àπ¥§à“‡ªÕ√å‡´πµå§«“¡º‘¥æ≈“¥πâÕ¬ ®–„™â‡«≈“
§”π«≥π“π‡™àπ°—π  ‡æ√“–‚¥¬ª°µ‘§à“‡ªÕ√å‡´πµå§«“¡
º‘¥æ≈“¥‡√‘Ë¡µâπ°àÕπ∑’Ë°“√∑” È́”®–‡°‘¥¢÷Èπ¡—°¡’§à“ ŸßÕ¬Ÿà°àÕπ
·≈â« À“°®–∑”„Àâ§à“¥—ß°≈à“«≈¥πâÕ¬≈ßµâÕß„™â‡«≈“ ‡æ√“–
‚ª√·°√¡µâÕß∑”´È”¥â«¬®”π«π√Õ∫¡“°¢÷Èπ §à“‡ªÕ√å‡´πµå
§«“¡º‘¥æ≈“¥∑’ËπâÕ¬‡ªìπº≈¥’‡æ√“–º≈°“√§”π«≥®–¡’
§«“¡·¡àπ¬” Ÿß πÕ°®“°π’ÈÀ“°°”Àπ¥§à“ ¡∫—µ‘∑“ß‰øøÑ“
¢Õß‡´≈≈å‡√‘Ë¡µâπ∑’Ë¡’§à“Àà“ß®“°§«“¡‡ªìπ®√‘ß¡“° ®–„™â
‡«≈“§”π«≥π“π¢÷Èπ‡™àπ°—π

‚¥¬ª°µ‘°“√°”Àπ¥§à“æ‘ —¬¢Õßæ“√“¡‘‡µÕ√å·µà≈–
µ—«¡’§à“µà“ß°—π·≈–¡’¢’¥®”°—¥  §”π÷ßµ“¡§«“¡‡À¡“– ¡
Õ“∑‘ ¢Õß§à“‰¥Õ‘‡≈Á°∑√‘°§«√®–¡’§à“‡ªìπ®”π«π‡∑à“¢Õß§à“
‰¥Õ‘‡≈Á°∑√‘°¢Õß ÿ≠≠“°“» ·≈–¢Õß ¿“æπ”‰øøÑ“§«√®–
¡’§à“∑’Ë‡ªìπ®”π«π®ÿ¥∑»π‘¬¡πâÕ¬®ÿ¥‡ªìπ‡≈¢≈ßµ—« ·≈–‡ªìπ
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Figure 8. An example of simulation of the calculating process by  Visual Foxpro Version 6  on

microcomputer to compile each electrical parameter: (a) dielectric constants and

(b) field  frequency.

‰ª„π∑”πÕß‡¥’¬«°—π°—∫°“√°”Àπ¥§à“‡ªÕ√å‡´πµå§«“¡
º‘¥æ≈“¥·≈–§à“ ¡∫—µ‘∑“ß‰øøÑ“¢Õß‡´≈≈å‡√‘Ë¡µâπ ÷́Ëß§«√
°”Àπ¥„Àâ¡’§à“πâÕ¬‰«â°àÕπ À“°º≈°“√§”π«≥‰¡à Õ¥§≈âÕß
°—∫§à“‡ªÕ√å‡´πµå∑’Ë°”Àπ¥ ®÷ß§àÕ¬‡æ‘Ë¡§à“¢÷Èπ  ´÷Ëß„πß“π

«‘®—¬π’È‰¥â  “¡“√∂ª√—∫‡ª≈’Ë¬π§à“æ‘ —¬·≈–§à“‡ªÕ√å‡´πµå
§«“¡º‘¥æ≈“¥‰¥â‡ªìπ™à«ß‡ªî¥¢÷Èπ°—∫ºŸâ„™â  πÕ°®“°π’È°“√
ªÑÕπ§à“ Re[f(ω)] „Àâ·°à‚ª√·°√¡§«√§”π÷ß∂÷ß°“√°√–®“¬
¢Õß¢âÕ¡Ÿ≈„Àâ§√Õ∫§≈ÿ¡∑ÿ°¬à“π§«“¡∂’Ë∑’Ë∑¥≈Õßµ—Èß·µà¬à“π

(a)

(b)
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Figure 9. Theoretical plots between of dielectric constant predictable from the SSM (solid

line) and the SDM (interrupted line).

§«“¡∂’ËµË” ÿ¥  ¬à“π°≈“ß®π∂÷ß¬à“π Ÿß ÿ¥   ‚¥¬‡©æ“–∑’Ë
f0(EDS) ·≈– f (EDS) ‡æ√“–‡ªìπ§«“¡∂’Ë∑’Ë°”Àπ¥™à«ß
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‡¡◊ËÕ n §◊Õ≈”¥—∫¢Õßº≈‡©≈¬ ¡’§à“µ—Èß·µà 0, 1, 2, ..., ∞
®“° Ÿµ√¢Õß‚√¥√‘®°å (Rodrigues’formula) æ∫«à“ ∂â“ x = cos θ ·≈â« Pn cos θ = cos θ (Balanis,

1938) ·µàÀ“° n ¡’§à“‡∑à“°—∫»Ÿπ¬å æ∫«à“ Pn cos θ = 1 ´÷Ëß¢—¥·¬âß°—∫»—°¬å‰øøÑ“µ“¡ ¡°“√ ¿5 ·≈–À“°«à“
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