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Abstract
Bunthawin, S.,  Butrat, P.  and  Boonlamp, M.

Development of a computer program to investigate electrical properties of

Phuket pineapple leaf single cells by using dielectrophoresis
Songklanakarin J. Sci. Technol., 2003, 25(2) : 227-237

This research developed a computer program to calculate electrical properties of a cell from a spheri-

cal single shell model. The program compared the results between the theoretical values (Re[f(ωωωωω)]
TDS

) and

the experimental values (Re[f(ωωωωω)]
EDS

). The latter was computed from a cell velocity obtained from dielectro-

phoresis. The calculation was repeated until the error percentile was in a proper range. The program was

applied to process the electrical properties of Phuket pineapple protoplasts [Ananas comosus (L.) Merr.C.V.
Phuket]. It was found that the thickness of the cell membrane was 10 nm, the dielectric constants of suspend-

ing solution, cytoplasm and cell membrane were 80εεεεε
0
, 58-60εεεεε

0
 and 10-14εεεεε

0
 respectively (εεεεε

0
 is the dielectric

constant of the vacuum = 8.85×××××10-12 F m-1). The conductivity of cytoplasm and cell membrane were 0.09 S

m-1 and 10-5 - 10-4 S m-1 respectively.
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‰¥âæ—≤π“‚ª√·°√¡§Õ¡æ‘«‡µÕ√å ”À√—∫§”π«≥§à“ ¡∫—µ‘∑“ß‰øøÑ“¢Õß‡´≈≈åµ“¡·∫∫®”≈Õß‡´≈≈å‡¥’Ë¬«∑√ß

°≈¡‡ª≈◊Õ°Àπ÷Ëß™—Èπ ¥â«¬«‘∏’‡ª√’¬∫‡∑’¬∫§à“∑’Ë§”π«≥®“°·∫∫®”≈Õß (Re[f(ω)]
TDS

) °—∫§à“∑’Ë§”π«≥®“°§«“¡‡√Á«¢Õß

‡´≈≈å‡¡◊ËÕ‡°‘¥‰¥Õ‘‡≈Á°‚∑√øÕ‡√´‘  (Re[f(ω)]
EDS

) ·≈â«∑”´È”®π°√–∑—Ëß¡’§à“‡ªÕ√å‡´πµå§«“¡§≈“¥‡§≈◊ËÕπÕ¬Ÿà„π√–¥—∫∑’Ë

‡À¡“– ¡ ‡¡◊ËÕ∑¥≈Õß„™â‚ª√·°√¡¥—ß°≈à“«°—∫‚æ√‚∑æ≈“ µå —∫ª–√¥¿Ÿ‡°Áµ [Ananas comosus (L.) Merr.C.V.Phuket]

æ∫«à“§«“¡Àπ“¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å ¡’§à“ 10 π“‚π‡¡µ√  §à“‰¥Õ‘‡≈Á°∑√‘°¢Õß “√≈–≈“¬·¢«π≈Õ¬ ¢Õß‰´‚∑æ≈“ ´÷¡
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0
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0
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-1
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‡´≈≈å™’«¿“æ®—¥‡ªìπ«—µ∂ÿ∑’Ë‡ªìπ°≈“ß∑“ß‰øøÑ“ ‰¡à¡’
¢—È«·≈–‡ªìπ«— ¥ÿ‰¥Õ‘‡≈Á°∑√‘° (Scher, 1968) À“°Õ¬Ÿà¿“¬„µâ
Õ‘∑∏‘æ≈¢Õß π“¡‰øøÑ“®“°¿“¬πÕ°„π ¿“«–∑’Ë‡À¡“– ¡
®–‡°‘¥¢—È«∑“ß‰øøÑ“¢÷Èπ¿“¬„π‡´≈≈å™—Ë«¢≥– ∑”„Àâ‡°‘¥·√ß
∑“ß‰øøÑ“°√–∑”µàÕ‡´≈≈å„Àâ‡§≈◊ËÕπ∑’Ë‡¢â“ Ÿà∫√‘‡«≥∑’Ë¡’§«“¡
‡¢â¡ π“¡‰øøÑ“ Ÿß°«à“ ‡√’¬°ª√“°Ø°“√≥åπ’È«à“ ‰¥Õ‘‡≈Á°-
‚∑√øÕ‡√´‘  (Dielectrophoresis, DEP)  ·≈–‡√’¬°·√ß
¥—ß°≈à“««à“ ·√ß‰¥Õ‘‡≈Á°‚∑√øÕ‡√µ‘° (Pohl, 1978) ¡’ºŸâπ”
§«“¡√Ÿâπ’È‰ªª√–¬ÿ°µå„™â‡æ◊ËÕ‡Àπ’Ë¬«π”„Àâ‡´≈≈å‡°“–°—π‡ªìπ§Ÿà
‡ªìπ°≈ÿà¡ ‡ªìπ “¬‚ à́ ·≈–‡§≈◊ËÕπ∑’Ë‡¢â“‡°“–¢—È«‰øøÑ“  ”À√—∫
°“√§—¥·¬°‡´≈≈å¥â«¬ π“¡‰øøÑ“ (Sudsiri et al., 1999)

‡ªìπµâπ ∑’Ë°≈à“«¡“¢â“ßµâπµâÕßÕ“»—¬§«“¡√Ÿâæ◊Èπ∞“π‡°’Ë¬«°—∫
·∫∫®”≈Õß∑“ß‰øøÑ“¢Õß‡´≈≈å (electrical cell model)

‡æ◊ËÕ„™â§”π«≥ ¡∫—µ‘∑“ß‰øøÑ“ ‰¥â·°à §à“ ¿“æπ”‰øøÑ“
(conductivity)  ·≈–§à“§ß∑’Ë‰¥Õ‘‡≈Á°∑√‘° (dielectric

constant) ¢Õß‡´≈≈å
¡’π—°«‘®—¬®”π«π¡“°‰¥âª√–¡“≥§à“ ¡∫—µ‘∑“ß‰øøÑ“

¥â«¬«‘∏’‰¥Õ‘‡≈Á°‚∑√øÕ‡√´‘  Õ“∑‘ Kaler and Jones (1990)

„™â¢—È«‰øøÑ“·∫∫°√«¬-·ºàπ (cone-plate) °—∫‚æ√‚∑æ≈“ µå
Canola ‚¥¬„™â·∫∫®”≈Õß‡´≈≈å‡¥’Ë¬«∑√ß°≈¡‡ª≈◊Õ°Àπ÷Ëß
™—Èπ (Spherical Single Shell Model, SSM)  „π¢≥–∑’Ë
Mahaworasilpa et al. (1994) „™â¢—È«‰øøÑ“·∫∫∑√ß
°√–∫Õ°§Ÿà¢π“π°—∫‡´≈≈å‡¡Á¥‡≈◊Õ¥§π·≈–ÀπŸ  ·≈–„™â·∫∫

®”≈Õß SSM   ¡∫—µ‘∑“ß‰øøÑ“∑’Ëª√–¡“≥‰¥â®“°ß“π«‘®—¬
‡À≈à“π’È¡’§à“·µ°µà“ß°—π¢÷Èπ°—∫¢π“¥ √Ÿª∑√ß ·≈–Õß§åª√–°Õ∫
¢Õß‡´≈≈å·µà≈–™π‘¥ ·µà≈–«‘∏’¡’¢âÕ¥’·≈–¢âÕ¥âÕ¬ ºŸâ«‘®—¬‡≈◊Õ°
„™âÀ≈—°°“√‡¥’¬«°—∫ Mahaworasilpa et al. (1994) ‡æ√“–
ª√–À¬—¥§à“„™â®à“¬·≈–‡À¡“–·°à°“√»÷°…“‡√‘Ë¡µâπ  ·µà«‘∏’
¥—ß°≈à“«µâÕß§”π«≥ à«π®√‘ß¢Õßøíß°å™—π‡™‘ß´âÕπ (Re[f(ω)])

®“°·∫∫®”≈Õßµ“¡ ¡°“√
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∇(E
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) §◊ÕÕ—µ√“°“√‡ª≈’Ë¬π·ª≈ß§«“¡‡¢â¡ π“¡‰øøÑ“°”≈—ß
 Õß‡∑’¬∫°—∫√–¬–∑“ß  ¡’§à“¢÷Èπ°—∫¢π“¥·≈–√–¬–Àà“ß¢Õß
¢—È«‰øøÑ“ ·≈– η §◊Õ§«“¡Àπ◊¥¢Õß “√≈–≈“¬∑’Ë„™â·¢«π
≈Õ¬‡´≈≈å

¥â«¬‡Àµÿ∑’Ë Re[f(ω)] ¡’§à“¢÷Èπ°—∫æ“√“¡‘‡µÕ√åÀ≈“¬
µ—« ¬—ßº≈„Àâ‡°‘¥§«“¡≈”∫“°„π°“√§”π«≥·≈–®”‡ªìπµâÕß
Õ“»—¬ºŸâ∑¥≈Õß∑’Ë¡’§«“¡√Ÿâ‡°’Ë¬«°—∫·∫∫®”≈Õß¢Õß‡´≈≈åæÕ
 ¡§«√

ß“π«‘®—¬π’È®÷ß‰¥âæ—≤π“‚ª√·°√¡§Õ¡æ‘«‡µÕ√å ”À√—∫
§”π«≥§à“ ¡∫—µ‘∑“ß‰øøÑ“¢Õß‡´≈≈åµ“¡·∫∫®”≈Õß SSM

Õ“»—¬À≈—°°“√‡ª√’¬∫‡∑’¬∫§à“  Re[f(ω)]  ∑’Ë§”π«≥®“°
 ¡°“√ (1) (Re[f(ω)]TDS) °—∫ ¡°“√ (2) (Re[f(ω)]EDS)

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

(Re[f(ω)]EDS)i - (Re[f(ω)]TDS)i

(Re[f(ω)]EDS)i

2

Σ
i=1

 × 100
n

(3)

‡¡◊ËÕ (Re[f(ω)]EDS)i ·≈– (Re[f(ω)]TDS)i §◊Õ§à“ Re[f(ω)]

∑’Ë·µà≈–§à“§«“¡∂’Ë π“¡‰øøÑ“∑’Ë i ¢Õß ‡ª°µ√—¡‰¥Õ‘‡≈Á°-
‚∑√øÕ‡√´‘ ®“°°“√∑¥≈Õß (EDS)  ·≈–¢Õß ‡ª°µ√—¡
‰¥Õ‘‡≈Á°‚∑√øÕ‡√´‘ ®“°∑ƒ…Æ’ (TDS) ∑—ÈßÀ¡¥®”π«π n

§à“ µ“¡≈”¥—∫
∑¥≈Õß„™â‚ª√·°√¡¥—ß°≈à“«°—∫‚æ√‚∑æ≈“ µå

 —∫ª–√¥¿Ÿ‡°Áµ [Ananas comosus (L.) Merr.C.V.Phuket]

´÷Ëß‡ªìπæ◊™‡Õ°≈—°…≥åæ◊Èπ‡¡◊Õß¢Õß®—ßÀ«—¥  „π™à«ß§«“¡∂’Ë
 π“¡‰øøÑ“·∫∫°√–·  ≈—∫√–À«à“ß 10 °‘‚≈‡Œ‘√µ ǻ - 30

‡¡°°–‡Œ‘√µ´å   §à“§ß∑’Ë∑“ß‰øøÑ“∑’Ë§”π«≥ ‰¥â·°à σ
c
  σ

m

ε
c
  ε

m
 ·≈– δ µ“¡≈”¥—∫

«— ¥ÿ Õÿª°√≥å ·≈–«‘∏’°“√

1. °“√‡æ“–‡≈’È¬ß‡π◊ÈÕ‡¬◊ËÕ —∫ª–√¥¿Ÿ‡°Áµ

∑”§«“¡ –Õ“¥¬Õ¥ÕàÕπ —∫ª–√¥¿Ÿ‡°Áµ¥â«¬πÈ” –Õ“¥
·≈â«π”‰ª¶à“‡™◊ÈÕ„π Clorox 20% ‡µ‘¡ Tween 20  1-2

À¬¥ π“π 20 π“∑’  ·™à„π Clorox 10% π“π 10 π“∑’
≈â“ß¥â«¬πÈ”°≈—Ëπ∑’Ëπ÷Ëß¶à“‡™◊ÈÕ·≈â« 3 §√—Èß π”¡“ºà“·∫àßµ“
¬Õ¥ÕÕ°‡ªìπ 4  à«π ‚¥¬„Àâºà“π‡π◊ÈÕ‡¬◊ËÕ‡®√‘≠ „πµŸâ∂à“¬

‡π◊ÈÕ‡¬◊ËÕ  ·≈–‡≈’È¬ß„πÕ“À“√‡À≈« Ÿµ√ MS(1/2 macro,

micro, iron) + BA 0.5 ppm «“ß∫π‡§√◊ËÕß‡¢¬à“∑’Ë¡’§«“¡
‡√Á«  100 -110  √Õ∫  π“∑’-1  ¿“¬„µâÕÿ≥À¿Ÿ¡‘  25-28ºC

§«“¡‡¢â¡· ß 1,000 ≈—°´å 16 ™—Ë«‚¡ß «—π-1 ‡ª≈’Ë¬πÕ“À“√
∑ÿ°Ê 2  —ª¥“Àå µ“¬Õ¥ —∫ª–√¥·µà≈– à«π®–‡√‘Ë¡·µ°ÀπàÕ
¬àÕ¬µ—Èß·µà 2  —ª¥“Àå·√°À≈—ß°“√‡æ“–‡≈’È¬ß ª√–¡“≥ 10

 —ª¥“Àå®–‡°‘¥ÀπàÕ¬àÕ¬‡©≈’Ë¬ 12 ÀπàÕµàÕµ“¬Õ¥·µà≈– à«π
§«“¡¬“«ÀπàÕª√–¡“≥ 1.5 ´¡. ®“°π—Èππ”¡“·∫àßÀπàÕ
¬àÕ¬·≈–‡≈’È¬ß„πÕ“À“√·¢Áß Ÿµ√‡¥‘¡ ®–‰¥âµâπÕàÕπ —∫ª–√¥
¿Ÿ‡°Áµ®”π«π¡“° ®πµâπÕàÕπ —∫ª–√¥Õ“¬ÿ‰¥â 7 ‡¥◊Õπ ®–
¡’„∫ ¡∫Ÿ√≥å ·¢Áß·√ß ‡®√‘≠‡µÁ¡¢«¥¢π“¥ 8 ÕÕπ ǻ

2. °“√‡µ√’¬¡‚æ√‚∑æ≈“ µå —∫ª–√¥¿Ÿ‡°Áµ

 °—¥‚æ√‚∑æ≈“ µå®“°„∫ÕàÕπ¢ÕßµâπÕàÕπ —∫ª–√¥
¿Ÿ‡°Áµ¥â«¬«‘∏’°“√„™â‡Õπ‰´¡å¬àÕ¬ ‚¥¬‡≈◊Õ°„∫ÕàÕπ —∫ª–√¥
∑’Ë¡’¢π“¥°«â“ß×¬“« ª√–¡“≥ 0.5×6 ´¡. π”‰ª≈â“ßπÈ”
 –Õ“¥·≈â« —́∫„Àâ·Àâß µ—¥ª≈“¬¬Õ¥ÕÕ°ª√–¡“≥ 2 ´¡.
·≈â«π”‰ª™—ËßÀ“Õ—µ√“ à«π√–À«à“ßπÈ”Àπ—°„∫µàÕª√‘¡“µ√
‡Õπ‰´¡å 1:10 À—Ëπ„∫‡ªìπ·«àπ‡≈Á°Ê ‚¥¬„™â¡’¥À—Ëπµ“¡·π«
¢«“ß„∫‡æ◊ËÕ‡æ‘Ë¡æ◊Èπ∑’Ë„π°“√¬àÕ¬ ·≈â«π”‰ªº ¡°—∫‡Õπ‰´¡å
 Ÿµ√  1%  cellulase  +  0.5%  driselase  +  0.25%

macerozyme + 0.6 M mannitol („™âπÈ”‡ªìπµ—«∑”≈–≈“¬)
´÷Ëß‡ªìπ¢Õß‡À≈«„π®“π‡æ“–‡≈’È¬ß π”®“π‰ª‡¢¬à“∑’Ë§«“¡
‡√Á« 80 √Õ∫ π“∑’-1 ∑’ËÕÿ≥À¿Ÿ¡‘ª√–¡“≥ 25ºC π“π 2-2.5

™—Ë«‚¡ß ®π‰¥â‚æ√‚∑æ≈“ µå —∫ª–√¥∑’Ë¡’≈—°…≥–°≈¡„ 
√—»¡’‡´≈≈åª√–¡“≥ 20-30 ‰¡§√Õπ (Figure 1) ®“°π—Èπ
∑”°“√§—¥·¬°‚æ√‚∑æ≈“ µåÕÕ°®“°‡»…‡π◊ÈÕ‡¬◊ËÕ¥â«¬«‘∏’
sucrose gradient ‚¥¬„™â “√≈–≈“¬´Ÿ‚§√ ‡¢â¡¢âπ 0.6 ‚¡≈
ªíòπ·¬°∑’Ë§«“¡‡√Á« 1,000 √Õ∫ π“∑’-1 π“π 5 π“∑’ ·≈â«
π”‰ª≈â“ß¥â«¬ “√≈–≈“¬‡¥‘¡Õ’° 1 §√—Èß  ‚¥¬ªíòπ·¬°∑’Ë
§«“¡‡√Á« 500 √Õ∫ π“∑’-1 π“π 5 π“∑’ ·≈â«®÷ßπ”‰ª·¬°
·¢«π≈Õ¬ 2 ™ÿ¥ ‚æ√‚∑æ≈“ µå™ÿ¥∑’Ë 1 ·¢«π≈Õ¬„π “√
≈–≈“¬·¡ππ‘∑Õ≈‡¢â¡¢âπ 0.6 ‚¡≈ ∑’Ë¡’ ¿“æπ”‰øøÑ“ 50

¡‘≈≈‘´’‡¡π å ‡¡µ√-1 ·≈–‚æ√‚∑æ≈“ µå™ÿ¥∑’Ë 2 ·¢«π≈Õ¬
„π “√≈–≈“¬‡¥’¬«°—π∑’Ë¡’ ¿“æπ”‰øøÑ“ 16 ¡‘≈≈‘ ’́‡¡π å
‡¡µ√-1

«—¥§«“¡Àπ◊¥¢Õß “√≈–≈“¬·¡ππ‘∑Õ≈¥—ß°≈à“«¥â«¬
Õÿª°√≥å«—¥§«“¡Àπ◊¥ (viscometer) ·∫∫À≈Õ¥√Ÿªµ—«¬Ÿ
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(Schcott Geratte U-tube, Germany) ∑’ËÕÿ≥À¿Ÿ¡‘ª√–¡“≥
25ºC ‰¥â§à“§«“¡Àπ◊¥ η = 1.22 ¡‘≈≈‘π‘«µ—π.«‘π“∑’ ‡¡µ√-2

3. °“√‡°‘¥‰¥Õ‘‡≈Á°‚∑√øÕ‡√´‘ 

„™â¢—È«‰øøÑ“π‘°‡°‘≈-Õ—≈≈Õ¬ ·∫∫∑√ß°√–∫Õ°‡ âπ
ºà“»Ÿπ¬å°≈“ß 125 ‰¡§√Õπ «“ß§Ÿà¢π“πÀà“ß°—π‡ªìπ√–¬–
d = 250 ‰¡§√Õπ ®ÿà¡≈ß„π¿“™π–∑’Ë¡’‚æ√‚∑æ≈“ µå·¢«π
≈Õ¬Õ¬Ÿà„π “√≈–≈“¬·¡ππ‘∑Õ≈∑’Ëª√—∫ ¿“æπ”‰øøÑ“·≈â«
®—¥„Àâ¢—È«‰øøÑ“¥—ß°≈à“««“ß§√àÕ¡‚æ√‚∑æ≈“ µå‡¥’Ë¬«„Àâ≈Õ¬
Õ¬Ÿà„πµ”·Àπàß°÷Ëß°≈“ßµ“¡ Wanichapichart et al. (2002)

µàÕ‡§√◊ËÕß°”‡π‘¥ —≠≠“≥‰øøÑ“°√–·  ≈—∫ (Standford

Research System, DS345 30 MHz, USA) ·∫∫«ß®√
¢π“π°—∫¢—È«‰øøÑ“ „™â»—°¬å‰øøÑ“ V ¢π“¥ 7 V

p-p
 («—¥®“°

¬Õ¥∫π ÿ¥∂÷ß≈à“ß ÿ¥¢Õß —≠≠“≥) ‰¥â§«“¡‡¢â¡ π“¡ (E)

ª√–¡“≥ 35-40 °‘‚≈‚«≈µå ‡¡µ√-1  „™â§«“¡∂’Ë f ‡√‘Ë¡µâπ∑’Ë
30 ‡¡°°–‡Œ‘√µ´å  ·≈â«≈¥§à“≈ß§√—Èß≈– 1 ‡¡°°–‡Œ‘√µ´å
®π°√–∑—Ëß∂÷ß§«“¡∂’Ë„π√–¥—∫°‘‚≈‡Œ‘√µ´å®÷ß≈¥§à“≈ß§√—Èß≈–
1 °‘‚≈‡Œ‘√µ´å ∫—π∑÷°¿“æ°“√‡°‘¥‰¥Õ‘‡≈Á°‚∑√øÕ‡√´‘ ¢Õß
‚æ√‚∑æ≈“ µå¢≥–‡§≈◊ËÕπ∑’Ë‡¢â“‡°“–¢—È«‰øøÑ“∑’Ë·µà≈–§«“¡∂’Ë
¥—ß°≈à“«≈ß„π¡â«π«’¥’‚Õ¥â«¬°≈âÕß Digital camera (Sony,

CCD-IRIS, Japan) ∑¥≈Õß‚¥¬¡Õßºà“π°≈âÕß®ÿ≈∑√√»πå
·∫∫À—«°≈—∫ (Olympus, LX 700, Japan)  °”≈—ß¢¬“¬
400 ‡∑à“ ∑¥≈Õß´È”·∫∫‡¥‘¡∑’Ë§«“¡∂’Ë‡¥‘¡ 3 §√—Èß°—∫‡´≈≈å
„À¡à®“°‚æ√‚∑æ≈“ µå™ÿ¥∑’Ë 1 ·≈–‚æ√‚∑æ≈“ µå™ÿ¥∑’Ë 2

§«“¡‡√Á«‰¥Õ‘‡≈Á°‚∑√øÕ‡√µ‘°

«—¥§«“¡‡√Á«°“√‡§≈◊ËÕπ∑’Ë¢Õß‚æ√‚∑æ≈“ µå®“°¿“æ
«’¥’‚Õ∑’Ëª√“°Æ∫π®Õ¡Õπ‘‡µÕ√å‚∑√∑—»πå ’ (Mitsubishi CT-

29K1SB) ‚¥¬°“√‡≈àπ¿“æ´È”¬âÕπ°≈—∫‰ª-¡“‡æ◊ËÕ∫—π∑÷°
µ”·Àπàß·≈–√–¬–¢®—¥∑’Ë‡´≈≈å„™â„π°“√‡§≈◊ËÕπ∑’Ë‡¢â“‡°“–¢—È«
‰øøÑ“ π”¢âÕ¡Ÿ≈¡“æ≈Õµ°√“ø‡æ◊ËÕÀ“§«“¡ —¡æ—π∏å∂¥∂Õ¬
·∫∫‰¡à‡™‘ß‡ âπ ‰¥âøíß°å™—π√–¬–¢®—¥¢÷Èπ°—∫‡«≈“ Z(t) ·≈â«
Õπÿæ—π∏å (differentiation) ‡∑’¬∫°—∫‡«≈“ t Àπ÷Ëß§√—Èß‡æ◊ËÕ
À“øíß°å™—π§«“¡‡√Á« v(t) ·∑π§à“‡«≈“°≈—∫≈ß„πøíß°å™—π®–
‰¥â§à“§«“¡‡√Á«‰¥Õ‘‡≈Á°‚∑√øÕ‡√µ‘° (υ

DEP
) (Figure 2)  π”

§«“¡‡√Á«¥—ß°≈à“«‰ª§”π«≥§à“ (Re[f(ω)]EDS)i µ“¡ ¡°“√
(2)

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

 ¡∫—µ‘‰¥Õ‘‡≈Á°∑√‘°

‡¢’¬π‚ª√·°√¡®”≈Õß°√–∫«π°“√ª√–¡“≥§à“§ß∑’Ë
∑“ß‰øøÑ“·≈– ¡∫—µ‘‰¥Õ‘‡≈Á°∑√‘°µ“¡·∫∫®”≈Õß SSM

≈ß∫π‰¡‚§√§Õ¡æ‘«‡µÕ√å (Microchip, RAM 128 MB,

CPU Pentium  800 MHz, HDD 20 GB, Taiwan) µ“¡
·ºπ¿“æ (Figure 3) ¥â«¬‚ª√·°√¡ ”‡√Á®√Ÿª Clipper

Version 5.0 ‚¥¬·∫àß‚ª√·°√¡‡ªìπ 3  à«π ‰¥â·°à  à«π
Application „™â‡π◊ÈÕ∑’ËÀπà«¬§«“¡®” 276 KB   à«π DBF

„™â‡π◊ÈÕ∑’ËÀπà«¬§«“¡®” 91.466 KB  ·≈– à«π Text

Document „™â‡π◊ÈÕ∑’ËÀπà«¬§«“¡®” 320 KB √«¡‡π◊ÈÕ∑’Ë

Figure 1. Phuket pineapple leaf protoplasts suspended in 0.6 molar mannitol. These protoplasts

were approximately 20-30 µµµµµm in radius.
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Z(t) = 0.0027t3 + 0.1265t2 + 1.9182t + 19.846(micron)

v(t) = d
dt

Z(t) = 0.0081t2 + 0.2530t + 1.9182 (micron.s-1)

Figure 2. An example of plots of cell displacement

(z) as a function of time (t) for the pro-

toplast, suspend in 0.6 M mannitol (σσσσσ
s
 =

50 mS.m-1).

Figure 3. The calculation of the values of σσσσσ
c
, σσσσσ

m
,

εεεεε
c
, εεεεε

m
 and δδδδδ on the Clipper program.

Àπà«¬§«“¡®”∑—ÈßÀ¡¥ª√–¡“≥ 688 KB   ”À√—∫ à«π
Application ®–°”Àπ¥§à“æ“√“¡‘‡µÕ√å‡√‘Ë¡µâπ‡æ◊ËÕ°√–∫«π
°“√∑”´È” ‰¥â·°à σ

c
 σ

m
 σ

s
 ε

c
 ε

m
 ε

s
 R δ ·≈– f Õ‘ß§à“‡À≈à“π’È

°—∫ß“π«‘®—¬Õ◊Ëπ Õ“∑‘ Fuhr and Kuzmin (1986) Kaler

and Jones (1990) Mahaworasilpa et al. (1994) ·≈–
Radu et al. (1996) ‚ª√·°√¡®–π”§à“‡À≈à“π’È‰ª§”π«≥
§à“ (Re[f(ω)]TDS)i ‡æ◊ËÕ‡ª√’¬∫‡∑’¬∫°—∫§à“ (Re[f(ω)]EDS)i

∑’Ë·µà≈–§à“∑’Ë i (i=1 -n, n=20) ®π§√∫∑ÿ°§à“  ·≈â«∑”´È”
®π°√–∑—Ëß‰¥â§à“‡ªÕ√å‡´πµå§«“¡§≈“¥‡§≈◊ËÕπµ“¡∑’Ë°”Àπ¥
·≈–‡À¡“– ¡  ª°µ‘·≈â«‰¡à§«√‡°‘π 30% (§”π«≥®“°
 ¡°“√ 3)  „π°√–∫«π°“√∑”´È”·µà≈–§√—Èß  ‚ª√·°√¡®–
ª√—∫‡ª≈’Ë¬π§à“æ“√“¡‘‡µÕ√å·µà≈–µ—«Õ¬à“ßµàÕ‡π◊ËÕß·∫∫
Õ—µ‚π¡—µ‘‡æ◊ËÕ„™â„π°“√§”π«≥√Õ∫∂—¥‰ª  ‡√’¬°§à“§«“¡
·µ°µà“ß¢Õßæ“√“¡‘‡µÕ√å°àÕπ·≈–À≈—ßª√—∫‡ª≈’Ë¬π«à“
“Range” Õ“»—¬À≈—°°“√«‘‡§√“–Àå§«“¡‰«¢Õßæ“√“¡‘‡µÕ√å
·µà≈–µ—«µàÕ ‡ª°µ√—¡‰¥Õ‘‡≈Á°‚∑√øÕ‡√´‘ µ“¡ Maha-

worasilpa et al. (1994) ‡æ◊ËÕ°”Àπ¥≈”¥—∫¢—Èπ„π°“√ª√—∫
‡ª≈’Ë¬π§à“ ß“π«‘®—¬π’È‡√’¬ß≈”¥—∫°àÕπÀ≈—ß¥—ßπ’È σ

c
 σ

m
 ε

c
 ε

m

·≈– δ µ“¡≈”¥—∫  πÕ°®“°π’È ‚ª√·°√¡¥—ß°≈à“«®–· ¥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. §«“¡‡√Á«‰¥Õ‘‡≈Á°‚∑√øÕ‡√µ‘° ·≈– EDS

‡¡◊ËÕ‚æ√‚∑æ≈“ µå∂Ÿ°‡Àπ’Ë¬«π”„Àâ‡°‘¥‰¥‚æ≈ ®–
‡§≈◊ËÕπ∑’Ë®“°µ”·Àπàß z = 0 µ“¡·π«·√ß π“¡‰øøÑ“‡¢â“
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‡°“–¢—È«‰øøÑ“ °√≥’∑¥≈Õß°—∫‚æ√‚∑æ≈“ µå™ÿ¥∑’Ë 1 §«“¡
‡√Á«µË” ÿ¥∑’Ë«—¥‰¥â¡’§à“ 1.6 ‰¡§√Õπ «‘π“∑’-1 ∑’Ë§«“¡∂’Ë 200

°‘‚≈‡Œ‘√µ´å  ·≈–§«“¡‡√Á« Ÿß ÿ¥∑’Ë«—¥‰¥â¡’§à“ 21.2 ‰¡§√Õπ
«‘π“∑’-1 ∑’Ë§«“¡∂’Ë 3 ‡¡°°–‡Œ‘√µ´å   ™à«ß§«“¡∂’Ë∑’Ë‡°‘¥‰¥-
Õ‘‡≈Á°‚∑√øÕ‡√ ‘́ ¡’§à“Õ¬Ÿà„π™à«ß 100 °‘‚≈‡Œ‘√µ´å ∂÷ß 30

‡¡°°–‡Œ‘√µ´å (f
0
(EDS) = 100 °‘‚≈‡Œ‘√µ´å ·≈– f∞(EDS)

= 30 ‡¡°°–‡Œ‘√µ´å) ‡¡◊ËÕæ≈Õµ°√“ø§«“¡‡√Á«‡∑’¬∫°—∫
§«“¡∂’Ë æ∫«à“¡’≈—°…≥–‡ªìπ‡ âπ‚§âß§«Ë” (Figure 4) ¡’®ÿ¥
«°°≈—∫Àπ÷Ëß®ÿ¥ ®ÿ¥¥—ß°≈à“«§◊Õ§à“§«“¡‡√Á« Ÿß ÿ¥ ·≈–‡¡◊ËÕ
æ≈Õµ°√“ø EDS æ∫«à“¡’≈—°…≥–‡ªìπ‡ âπ‚§âß§«Ë”‡™àπ°—π
(Figure 5) ¡’®ÿ¥«°°≈—∫Àπ÷Ëß®ÿ¥ §”π«≥§à“ Re[f(ω)]EDS

æ∫«à“¡’§à“ Ÿß ÿ¥ 0.17 ∑’Ë§«“¡∂’Ë 3 ‡¡°°–‡Œ‘√µ´å
 ”À√—∫°√≥’∑¥≈Õß°—∫‚æ√‚∑æ≈“ µå™ÿ¥∑’Ë 2 §«“¡

‡√Á«µË” ÿ¥∑’Ë«—¥‰¥â¡’§à“ 13.3 ‰¡§√Õπ «‘π“∑’-1 ∑’Ë§«“¡∂’Ë 50

°‘‚≈‡Œ‘√µ´å ·≈–§«“¡‡√Á« Ÿß ÿ¥∑’Ë«—¥‰¥â¡’§à“ 69.6 ‰¡§√Õπ
«‘π“∑’-1 ∑’Ë§«“¡∂’Ë 8 ‡¡°°–‡Œ‘√µ´å ·≈– 900 °‘‚≈‡Œ‘√µ´å
µ“¡≈”¥—∫ ™à«ß§«“¡∂’Ë∑’Ë‡°‘¥‰¥Õ‘‡≈Á°‚∑√øÕ‡√´‘ ¡’§à“Õ¬Ÿà„π
™à«ß 40 °‘‚≈‡Œ‘√µ´å ∂÷ß 10 ‡¡°°–‡Œ‘√µ´å (f

0
(EDS) = 40

°‘‚≈‡Œ‘√µ´å ·≈– f∞(EDS) = 10 ‡¡°°–‡Œ‘√µ´å) ‡¡◊ËÕæ≈Õµ
°√“ø§«“¡‡√Á«‡∑’¬∫°—∫§«“¡∂’Ë æ∫«à“¡’≈—°…≥–‡ªìπ‡ âπ
‚§âß§«Ë” (Figure 6) ¡’®ÿ¥«°°≈—∫Àπ÷Ëß®ÿ¥ ®ÿ¥¥—ß°≈à“«§◊Õ§à“
§«“¡‡√Á« Ÿß ÿ¥ ·≈–‡¡◊ËÕæ≈Õµ°√“ø EDS æ∫«à“¡’≈—°…≥–
‡ªìπ‡ âπ‚§âß§«Ë”§≈â“¬°—∫°“√∑¥≈Õß™ÿ¥∑’Ë 1 (Figure 7) „Àâ
§à“ Ÿß ÿ¥ Õß§à“ ‡¡◊ËÕ§”π«≥§à“ Re[f(ω)]EDS æ∫«à“¡’§à“

 Ÿß ÿ¥ 0.55 ∑’Ë§«“¡∂’Ë 8 ‡¡°°–‡Œ‘√µ´å ·≈– 900 °‘‚≈‡Œ‘√µ´å
µ“¡≈”¥—∫

‡ªìπ∑’Ë —ß‡°µ«à“ §«“¡‡√Á«‰¥Õ‘‡≈Á°‚∑√øÕ‡√µ‘°¢Õß
∑—Èß Õß™ÿ¥∑¥≈Õß¡’·π«‚πâ¡§≈â“¬°—π °≈à“«§◊Õ ∑’Ë§«“¡∂’Ë
¬à“πµË” §«“¡‡√Á«®–¡’§à“πâÕ¬·≈–®–§àÕ¬Ê ‡æ‘Ë¡§à“¢÷Èπµ“¡
§«“¡∂’Ë®π°√–∑—Ëß∂÷ß§à“§«“¡∂’Ë¬à“π°≈“ß√–¥—∫‡¡°°–‡Œ‘√µ ǻ
§«“¡‡√Á«®–¡’§à“ Ÿß ÿ¥  ®“°π—Èπ®–§àÕ¬Ê ≈¥§à“≈ß‡¡◊ËÕ§«“¡∂’Ë
 Ÿß¢÷Èπ §«“¡‡√Á«‰¥Õ‘‡≈Á°‚∑√øÕ‡√µ‘°‚¥¬‡©≈’Ë¬¢Õß‚æ√‚∑-
æ≈“ µå™ÿ¥∑’Ë 2 ¡’§à“ Ÿß°«à“¢Õß™ÿ¥∑’Ë 1  àßº≈„Àâ·Õ¡æ≈‘®Ÿ¥

Figure 4. Theoretical (solid line) and experimental

values (O) of υυυυυ
DEP

 versus field frequency

for protoplasts, suspened in 0.6 M man-

nitol (σσσσσ
s
 = 50 mS.m-1).

Figure 5. Theoretical (solid line) and experimental

values (O) of Re[f(ωωωωω)] versus field fre-

quency for protoplast, suspened in 0.6

M mannitol (σσσσσ
s
 = 50 mS.m-1).

Figure 6. Theoretical (solid line) and experimental

values (O) of υυυυυ
DEP

 versus field frequency

for protoplasts, suspened in 0.6 M man-

nitol (σσσσσ
s
 = 16 mS.m-1).
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¢Õß ‡ª°µ√—¡‰¥Õ‘‡≈Á°‚∑√øÕ‡√´‘ ¢Õß∑—Èß Õß™ÿ¥¡’§à“µà“ß
°—πª√–¡“≥ 3 ‡∑à“ πÕ°®“°π’Èæ∫«à“ §à“ f

0
(EDS) ·≈–§à“

f∞(EDS) ¢Õß‚æ√‚∑æ≈“ µå™ÿ¥∑’Ë 1 ¡’§à“ Ÿß°«à“¢Õß‚æ√‚∑-
æ≈“ µå™ÿ¥∑’Ë 2 °≈à“«‚¥¬ √ÿª æ∫«à“§«“¡‡√Á«‰¥Õ‘‡≈Á°‚∑√-
øÕ‡√µ‘°‚¥¬‡©≈’Ë¬¢Õß‚æ√‚∑æ≈“ µå∑’Ë·¢«π≈Õ¬„π “√
≈–≈“¬∑’Ë¡’ ¿“æπ”‰øøÑ“∑’ËµË”°«à“®–¡’§à“ Ÿß°«à“  ·≈–∂â“
 ¿“æπ”‰øøÑ“¢Õß “√≈–≈“¬∑’Ë„™â·¢«π≈Õ¬‡´≈≈å¡’§à“ Ÿß¢÷Èπ
®–¡’·π«‚πâ¡∑”„Àâ¢Õ∫‡¢µ™à«ß§«“¡∂’Ë‰¥Õ‘‡≈Á°‚∑√øÕ‡√´‘ 
¢¬—∫‰ª∑’Ë§«“¡∂’Ë Ÿß¢÷Èπ¥â«¬    Õ¥§≈âÕßµ“¡ß“π«‘®—¬∑’Ë
Mahaworasilpa et al. 1994 ‰¥â√“¬ß“π‰«â

2. ‚ª√·°√¡§”π«≥§à“§ß∑’Ë∑“ß‰øøÑ“·≈– ¡∫—µ‘‰¥-

Õ‘‡≈Á°∑√‘°

º≈®“°°“√„™â‚ª√·°√¡æ∫«à“ „π°“√§”π«≥ ¡∫—µ‘
∑“ß‰øøÑ“„™â‡«≈“πâÕ¬¡“° ‡©≈’Ë¬Õ¬Ÿà„π™à«ßª√–¡“≥ 2-180

«‘π“∑’ (π—∫®“°‡«≈“∑’Ë‚ª√·°√¡‡√‘Ë¡∑”´È”)  ∑—Èßπ’È¢÷Èπ°—∫
§«“¡‡√Á«¢ÕßÀπà«¬ª√–¡«≈º≈§Õ¡æ‘«‡µÕ√å  §à“ Range

√«¡∂÷ß°“√°”Àπ¥§à“‡ªÕ√å‡´πµå§«“¡º‘¥æ≈“¥·≈–§à“
 ¡∫—µ‘∑“ß‰øøÑ“¢Õß‡´≈≈å‡√‘Ë¡µâπ °≈à“«‡ªìπ≈”¥—∫¥—ßπ’È§◊Õ
∂â“°”Àπ¥§à“ Range „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’È À“°°”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“ Range ¢Õßæ“√“¡‘‡µÕ√å·µà
≈–µ—«¡’§à“µà“ß°—π·≈–¡’¢’¥®”°—¥ §”π÷ßµ“¡§«“¡‡À¡“– ¡
Õ“∑‘ §à“ Range ¢Õß§à“‰¥Õ‘‡≈Á°∑√‘°§«√®–¡’§à“‡ªìπ®”π«π
‡∑à“¢Õß§à“‰¥Õ‘‡≈Á°∑√‘°¢Õß ÿ≠≠“°“» ·≈–§à“ Range ¢Õß
 ¿“æπ”‰øøÑ“§«√®–¡’§à“∑’Ë‡ªìπ®”π«π®ÿ¥∑»π‘¬¡πâÕ¬®ÿ¥
‡ªìπ‡≈¢≈ßµ—« ∑”πÕß‡¥’¬«°—π°—∫°“√°”Àπ¥§à“‡ªÕ√å‡´πµå
§«“¡º‘¥æ≈“¥·≈–§à“ ¡∫—µ‘∑“ß‰øøÑ“¢Õß‡´≈≈å‡√‘Ë¡µâπ ‚¥¬
ª°µ‘§«√°”Àπ¥„Àâ§à“‡ªÕ√å‡´πµå§«“¡º‘¥æ≈“¥¡’§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°”Àπ¥™à«ß
°“√¬Õ¡√—∫§à“‰«â∑’Ë‰¡à‡°‘π 30%  Õ¬à“ß‰√°Á¥’ ‚ª√·°√¡
§”π«≥∑’Ë„™â„πß“π«‘®—¬π’È  “¡“√∂ª√—∫‡ª≈’Ë¬π§à“ Range

·≈–§à“‡ªÕ√å‡´πµå§«“¡º‘¥æ≈“¥‰¥â‡ªìπ™à«ß‡ªî¥¢÷Èπ°—∫
ºŸâ∑¥≈Õß„™â À“°°”Àπ¥§à“‡ªÕ√å‡´πµå§«“¡º‘¥æ≈“¥„Àâ¡’
§à“‡∑à“°—∫»Ÿπ¬å¬àÕ¡‡ªìπº≈¥’  ‡æ√“–π—ËπÀ¡“¬∂÷ßº≈°“√
§”π«≥®–¡’∑—Èß§«“¡·¡àπ¬”·≈–§«“¡‡∑’Ë¬ßµ√ß Ÿß„πÕÿ¥¡§µ‘
·µà„π∑“ßªØ‘∫—µ‘ ¬—ß‰¡à “¡“√∂∑”„Àâ‡°‘¥º≈‡™àππ—Èπ‰¥â ·≈–
Õ“®∑”„Àâ‚ª√·°√¡§”π«≥ È́”‰¡à√Ÿâ®∫¬—ßº≈„Àâ‚ª√·°√¡À¬ÿ¥
°“√∑”ß“π πÕ°®“°π’È °“√ªÑÕπ§à“ (Re[f(ω)]EDS)i „Àâ·°à
‚ª√·°√¡§«√§”π÷ß∂÷ß°“√°√–®“¬¢Õß¢âÕ¡Ÿ≈„Àâ§√Õ∫§≈ÿ¡
∑ÿ°¬à“π§«“¡∂’Ë∑’Ë∑¥≈Õßµ—Èß·µà¬à“π§«“¡∂’ËµË” ÿ¥ ¬à“π°≈“ß
®π∂÷ß¬à“π Ÿß ÿ¥  ‚¥¬‡©æ“–∑’Ë  f

0
(EDS)  ·≈–  f∞(EDS)

‡æ√“–‡ªìπ§«“¡∂’Ë∑’Ë°”Àπ¥™à«ß°“√‡°‘¥‰¥Õ‘‡≈Á°‚∑√øÕ‡√ ‘́ 
·∫∫∫«°

Õ¬à“ß‰√°Á¥’ ‰¡à«à“ºŸâ∑¥≈Õß„™â‚ª√·°√¡®–§”π÷ß∂÷ß
À≈—°°“√¥—ß°≈à“«¢â“ßµâπÀ√◊Õ‰¡à ®–‰¡à àßº≈µàÕ§«“¡‡∑’Ë¬ß

Figure 7. Theoretical (solid line) and experimental

values (O) of Re[f(ωωωωω)] versus field fre-

quency for protoplast, suspened in 0.6

M mannitol (σσσσσ
s
 = 16 mS.m-1).
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Figure 8. An example of simulation of the calculating process by Clipper program on micro-

computer to compile each electrical parameter.

These values are

S-C = σσσσσ
s

= 0.09 S/m

S-M = σσσσσ
m

= 10-5 S/m

E-C = εεεεε
c

= 522×××××10-12 F/m  =  58 εεεεε
0

E-M = εεεεε
m

= 86×××××10-12 F/m  =  10.05 εεεεε
0

delta = δδδδδ = 20 nm  ReT =  Re[f(ωωωωω)] (theoretical)

running time 2 seconds

ERROR = 8%.

µ√ß¢Õßº≈°“√§”π«≥ ·µàÕ“® àßº≈µàÕ‡«≈“∑’Ë„™â§”π«≥
‡æ’¬ß‡≈Á°πâÕ¬  ‡¡◊ËÕµ√«® Õ∫º≈≈—æ∏å∑’Ë§”π«≥‰¥â®“°
‚ª√·°√¡ æ∫«à“¡’§à“µ√ß°—∫«‘∏’ª√–¡“≥·∫∫ Mahawora-

silpa et al. (1994) ·µà«‘∏’„À¡àπ’È„™â‡«≈“√«¡„π°“√§”π«≥

∑—ÈßÀ¡¥√«¥‡√Á«°«à“ª√–¡“≥ 20-1800 ‡∑à“ ‡¡◊ËÕ°√–∫«π
°“√∑” È́” ‘Èπ ÿ¥≈ß®–· ¥ß§à“ ¡∫—µ‘∑“ß‰øøÑ“µ“¡≈—°…≥–
Àπâ“®Õ Figure 8
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3. º≈°“√§”π«≥§à“ ¡∫—µ‘∑“ß‰øøÑ“

º≈°“√§”π«≥§à“ ¡∫—µ‘‰¥Õ‘‡≈Á°∑√‘°¢Õß‚æ√‚∑-
æ≈“ µå∑—Èß Õß™ÿ¥∑¥≈Õß¡’§à“µ√ß°—π¥—ßπ’È

§«“¡Àπ“¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å δ = 10 π“‚π‡¡µ√
§à“‰¥Õ‘‡≈Á°∑√‘°¢Õß‰´‚∑æ≈“ ´÷¡ ε

c
 = 60ε

0

§à“‰¥Õ‘‡≈Á°∑√‘°¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å ε
m
 = 14ε

0

 ¿“æπ”‰øøÑ“¢Õß‰´‚∑æ≈“ ´÷¡ σ
c
 = 0.09 ́ ’‡¡π å

‡¡µ√-1

 ¿“æπ”‰øøÑ“¢Õß‡¬◊ËÕÀÿâ¡‡´≈≈å σ
m
 = 10-5 - 10-4

´’‡¡π å ‡¡µ√-1

‡¡◊ËÕæ‘®“√≥“§à“‡À≈à“π’È°—∫ß“π«‘®—¬Õ◊Ëπ Õ“∑‘ Kaler

and Jones (1990)  Fuhr and Kuzmin (1986)  Radu et

al. (1996) ·≈– Mahaworasilpa et al. (1994) æ∫«à“
§à“ δ ¢Õß‡´≈≈åæ◊™∑—Ë«‰ª®–¡’§à“Õ¬Ÿà„π™à«ß 8-10 π“‚π‡¡µ√
§à“ ε

c
 ®–¡’§à“Õ¬Ÿà„π™à«ß 50-80ε

0
  §à“ ε

m
 ®–¡’§à“Õ¬Ÿà„π™à«ß

3-9ε
0
  §à“ σ

c
 ®–¡’§à“Õ¬Ÿà„π™à«ß 0.1-5 ´’‡¡π å ‡¡µ√-1 ·≈–

Table 1. Electric parameters of Canola leaves, Beta vulgalis, Yeast cells
               red blood cells and Phuket pineapple protoplast.

Cell/size/f (Hz)         Parameters

σ
c

σ
m

σ
w

ε
c

ε
m

ε
s

ε
w

δ δ
w

(S.m-1) (ε
0
)              (nm)

Plant; Beta vulgalis/
R = 30 µm 5 10-6 0.05 80 9 80 70 10 1,000
100 Hz - 3 MHz

DSM

   Fuhr and Kuzmin (1986)

Plant  protoplast;
Canola leaves/
R = 17.5 µm/ 0.5 - - 60 5 80 - 10 -
1 kHz - 50 MHz

SSM

     Kaler and Jones (1990)

Red blood cells/
10 µm 0.12 10-7 - 60 3 78 - 10 -
10 kHz - 2 MHz

SSM

Mahaworasilpa et al. (1994)

Yeast cells;
Saccharomyces /
2.5×6 µm 0.2 5×10-7 0.01 50 6 80 60 80 200
1 kHz - 1 MHz

ESM

         Radu et al. (1996)

Phuket pineapple 0.09 10 -5 - 60 14 - - 10 -
protoplast
20 µm
1 kHz - 30 MHz

SSM

    Bunthawin et al. (2003)

Note: Subscript w mean cell wall
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§à“ σ
m
 ®–¡’§à“Õ¬Ÿà„π™à«ß 10-7 - 10-6  ´’‡¡π å ‡¡µ√-1 µ“¡

≈”¥—∫  ‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫§à“‡À≈à“π’È°—∫ß“π«‘®—¬æ∫«à“ §à“ δ
·≈– ε

c
 ¢Õß‚æ√‚∑æ≈“ µå —∫ª–√¥¿Ÿ‡°ÁµÕ¬Ÿà„π‡°≥±åª°µ‘

 ”À√—∫§à“ ε
m
 ·≈– σ

m
 „°≈â‡§’¬ß°—∫‡°≥±å ·µà σ

c
 ¡’§à“µË”

°«à“‡°≥±åª√–¡“≥ 1-55.6 ‡∑à“  ¬—ß‡ªìπ∑’Ë§≈“ß·§≈ß«à“
§à“ σ

c
 §«√®– Õ¥§≈âÕß°—∫°≈ÿà¡‡´≈≈åæ◊™∑—Ë«‰ª ·µà°≈—∫¡’§à“

„°≈â‡§’¬ß°—∫‡´≈≈å‡¡Á¥‡≈◊Õ¥·¥ß¢Õß§π·≈–ÀπŸ (σ
c
 = 0.12

´’‡¡π å ‡¡µ√-1) (Table 1) Õ“®‡ªìπ‰ª‰¥â«à“ Õß§åª√–°Õ∫
¢Õß¢Õß‡À≈«¿“¬„π‡´≈≈å —∫ª–√¥¡’ª√‘¡“≥‰ÕÕÕπ∑’Ë·µ°
µà“ß®“°‡´≈≈åæ◊™∑—Ë«‰ª ‡æ√“–„π ¿“«–ª°µ‘ ‰´‚∑æ≈“  ÷́¡
®–¡’ ¿“æπ”‰øøÑ“∑’Ë§àÕπ¢â“ß Ÿß‡¡◊ËÕ‡∑’¬∫°—∫ ¿“æ·«¥≈âÕ¡
¿“¬πÕ°‡´≈≈å (Bernstien, 1902) ‡π◊ËÕß®“°¿“¬„π‡´≈≈å¡’
°≈‰°∑’Ë®–æ¬“¬“¡√—°…“√–¥—∫§«“¡‡¢â¡¢âπ¢Õß‚æ·∑ ‡ ’́¬¡
‰ÕÕÕπ √«¡∑—Èß‰ÕÕÕπ™π‘¥Õ◊ËπÊ Õ“∑‘ ‚´‡¥’¬¡·≈–§≈Õ‰√¥å
‰ÕÕÕπ „πª√‘¡“≥∑’Ë ŸßæÕ‡æ’¬ßµàÕ°“√¥”√ß™’«‘µ¢Õß‡´≈≈å
·µà∂÷ßÕ¬à“ß‰√ æ“√“¡‘‡µÕ√å‡À≈à“π’È¬—ß§ß¡’§à“ Õ¥§≈âÕß°—∫
À≈—°°“√‡°‘¥‰¥‚æ≈„π™à«ß§«“¡∂’Ë π“¡‰øøÑ“¬à“π°≈“ßµ“¡
∑’Ë Schwan (1988) ‰¥â√“¬ß“π‰«â °≈à“«§◊Õ §à“ ε

c
 ®–¡’§à“

 Ÿß°«à“ ε
m
 ·≈–§à“ σ

c
 ®–¡’§à“ Ÿß°«à“ σ

s
 ·≈– σ

m
 ‡ ¡Õ

 √ÿª

‚ª√·°√¡§”π«≥∑’Ëπ”‡ πÕ„πß“π«‘®—¬π’È  “¡“√∂
„™â§”π«≥ ¡∫—µ‘∑“ß‰øøÑ“¢Õß‡´≈≈å‡¥’Ë¬«µ“¡·∫∫®”≈Õß
SSM §à“ ¡∫—µ‘∑“ß‰øøÑ“®–ª√“°Æ‡ªìπµ—«‡≈¢‡¡◊ËÕ°√–∫«π
°“√∑”´È” ‘Èπ ÿ¥≈ß ‚ª√·°√¡¥—ß°≈à“«¡’§«“¡ –¥«° √«¥‡√Á«
·≈–·¡àπ¬” ºŸâ„™âß“π‰¡à®”‡ªìπµâÕß¡’§«“¡√Ÿâ§«“¡™”π“≠
‡°’Ë¬«°—∫·∫∫®”≈Õß¢Õß‡´≈≈å   “¡“√∂µ‘¥µ—Èß‚ª√·°√¡
¥—ß°≈à“«‰¥â°—∫‰¡‚§√§Õ¡æ‘«‡µÕ√å∑’Ë¡’  CPU  µ—Èß·µà  486

¢÷Èπ‰ª ‡¡◊ËÕπ”¡“∑¥≈Õß„™â°—∫‚æ√‚∑æ≈“ µå —∫ª–√¥¿Ÿ‡°Áµ
æ∫«à“ æ“√“¡‘‡µÕ√å à«π„À≠à¡’§à“ Õ¥§≈âÕß·≈–„°≈â‡§’¬ß
°—∫‡´≈≈å™π‘¥Õ◊ËπÊ ¬°‡«âπ§à“ σ

c
 ´÷Ëß¡’§à“πâÕ¬°«à“ª°µ‘‡¡◊ËÕ

‡∑’¬∫°—∫¢âÕ¡Ÿ≈®“°‡´≈≈åæ◊™∑—Ë«‰ª Õ“®‡ªìπ‰ª‰¥â«à“ §«“¡
·µ°µà“ßπ’È· ¥ß∂÷ß‡Õ°≈—°…≥å‡©æ“–¢Õß‚æ√‚∑æ≈“ µå
 —∫ª–√¥¿Ÿ‡°Áµ

°‘µµ‘°√√¡ª√–°“»

ºŸâ«‘®—¬¢Õ¢Õ∫§ÿ≥  ¡À“«‘∑¬“≈—¬ ß¢≈“π§√‘π∑√å
 ”À√—∫∑ÿπÕÿ¥Àπÿπ®“°‡ß‘π√“¬‰¥â  ª√–‡¿∑æ—≤π“π—°«‘®—¬
ª√–®”ªï 2543  ¢Õ¢Õ∫§ÿ≥ «‘∑¬“≈—¬™ÿ¡™π¿Ÿ‡°Áµ ¡À“-
«‘∑¬“≈—¬ ß¢≈“π§√‘π∑√å  ∑’ËÕπÿ≠“µ„Àâ„™â‡«≈“   ∂“π∑’Ë
Õÿª°√≥å·≈–‡§√◊ËÕß¡◊Õµà“ßÊ ¢Õ¢Õ∫æ√–§ÿ≥ º».¥√.æ‘°ÿ≈
«≥‘™“¿‘™“µ‘ Àπà«¬«‘®—¬™’«øî ‘° å «‘∑¬“»“ µ√å·≈–‡∑§‚π‚≈¬’
‡¡¡‡∫√π ¿“§«‘™“øî ‘° å §≥–«‘∑¬“»“ µ√å ¡À“«‘∑¬“≈—¬
 ß¢≈“π§√‘π∑√å ·≈– √».¥√.§”πŸ≥ °“≠®π¿Ÿ¡‘ ÀâÕß«‘®—¬
‡∑§‚π‚≈¬’™’«¿“æ  ¿“§«‘™“™’««‘∑¬“  §≥–«‘∑¬“»“ µ√å
¡À“«‘∑¬“≈—¬ ß¢≈“π§√‘π∑√å  ‡ªìπÕ¬à“ß Ÿß∑’Ë„Àâ§«“¡
Õπÿ‡§√“–Àå¥â“πÕÿª°√≥å∫—π∑÷°º≈°“√∑¥≈Õß  ¢Õ¢Õ∫§ÿ≥
Õ“®“√¬å™ÿµ‘¡“ µàÕ‡®√‘≠ «‘∑¬“≈—¬™ÿ¡™π¿Ÿ‡°Áµœ   ”À√—∫
§«“¡™à«¬‡À≈◊Õ‡√◊ËÕß§≥‘µ»“ µ√å„πß“π«‘®—¬ ¢Õ∫§ÿ≥ §ÿ≥
∏‡π»  ‘π∏ÿåª√–®‘¡ Àπà«¬«‘®—¬™’«øî ‘° åœ ·≈–§ÿ≥π¿“æ√
π“§Õÿ¥¡  ÀâÕß«‘®—¬‡∑§‚π‚≈¬’™’«¿“æœ   ”À√—∫§«“¡
™à«¬‡À≈◊Õ„πÀâÕßªØ‘∫—µ‘°“√
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