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Kefˆlaio 1

Eisagwg 

Elikofìrec ˆtraktoi ploÐwn, anemogennhtri¸n, aeroplˆnwn kai genikìtera ˆtraktoi metaforˆc i-

sqÔoc teqnikˆ ulopoihmènwn kataskeu¸n diastaseologoÔntai bˆsei thc fìrtis c touc. H fìrtish
mporeÐ na eÐnai apl , dhlad  apokleistikˆ efelkustik , jli ptik , kamptik    streptik    alloi¸c

sÔnjeth. SunhjÐzetai na lègetai, ìti mia ˆtraktoc fortÐzet ai sÔnjeta ìtan sthn kˆjeth ston ˆxona
summetrÐac thc diatom  droÔn perissìterec apì mÐa ojog¸niec ston ˆxona autì sunist¸sec fortÐou.

Gia parˆdeigma sunduasmoÐ apì kˆmyh kai strèyh   ¸sh kai strèyh   ìlec oi sunist¸sec tautì-
qrona. Gia ton mhqanikì h anˆlush twn fortÐwn se orjog¸niec s unist¸sec eÐnai aparaÐthth gia thn

diastaseolìghsh miˆc atrˆktou kaj' ìson oi ufistˆmenec tˆs eic kai epimhkÔnseic sto ulikì sujè-
tontai se sÔjeta megèjh pou sugkrÐnontai me ta oriakˆ epitrepìmena. Oriakˆ epitrepìmena sÔnjeta

megèjh eÐnai oi peiramatikˆ diasfalismènec oriakèc timèc pou ja breÐ kaneÐc sta diejn  prìtupa kai

se pÐnakec.
To prìtupo diastaseolìghshc qalÔbdinwn atrˆktwn metaforˆ c isqÔoc kataponoÔmenwn me sÔn-

jeth fìrtish DIN 743 eÐnai mÐa sÔgqronh, ekten c prodiagraf  diastaseolìghshcme statistikˆ
diasfalismèna stoiqeÐa gia ta epitrepìmena ìria katapìnhshc (bl. [1], [2], [3]).

'Ena axonikì sÔsthma dèqetai sÔnjeta fortÐa pou epˆgontai:

� Apì thn antÐdrash thc èlikac, Ðshc me to katˆ to mèson anˆ perÐodo peristrof c wfèlimo

fortÐo strèyhc tou kinht ra prìwshc (mèsh rop  strèyhc)

� Apì tic antidrˆseic twn edrˆnwn san èna pollaplˆ uperorismè no sÔsthma èdrashc me èdrana

pou metabˆloun sto diˆsthma tou qrìnou tic sqetikèc me ton diam kh ˆxona thc atrˆktou
jèseic twn kèntrwn touc katˆ ton ploÔ (elastikì skˆfoc)

� Apì thn dunamik  katˆstash twn katˆ to m koc tou katanemhmènwn maz¸n adraneÐac

Ektìc apì thn mètrhsh twn katapon sewn (epimhkÔnsewn) me skopì ton èlegqo thc antoq c miˆc

atrˆktou   merik¸n krÐsimwn shmeÐwn enìc axonikoÔ sust matoc, diexˆgontai epÐshc metr seic rop c
strèyhc gia:

� Anˆlush thc metaforˆc wfèlimhc isqÔoc egkatastˆsewn prìws hc, gennhtri¸n, antli¸n, genikˆ

mhqan¸n paragwg c kai aporrìfhshc wfèlimou èrgou
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� Dunamik  anˆlush streptik¸n fortÐwn

Sto sq ma 1.1 emfanÐzetai h diam khc tom  kai h plˆgia ìyh enìc axonikoÔ sust matoc m kouc
60 mètrwn. DiakrÐnontai dexiˆ jèseic èdrashc. Sthn tom  diakrÐnontai ta tm mata pou apoteleÐtai to

axonikì sÔsthma kai oi armìseic egkˆrsiac sÔsfixhc. Ta tm mata twn axìnwn eÐnai koÐla me exwterik 

diametro 440mm kai eswterik  115mm. To koÐlo mèroc tou axonikoÔ sust matoc filoxeneÐ ta
ìrgana elègqou tou b matoc thc èlikac.

Sto sq ma 1.2 faÐnetai h diˆtaxh kinht ra, axonikoÔ sust matoc kai èlikac me èna èdrano sto e-
leÔjero tm ma kai sto sq ma 1.3 mÐa ˆllh diˆtaxh dÔo kinht rwn parˆllhla suzeugmènwn me meiwt ra

kai axonikì sÔsthma me dÔo edrˆseic.
H mètrhsh twn orjogwnÐwn sunistws¸n fìrtishc eÐnai antikeÐmeno poll¸n mejìdwn apì tic opoÐec

h kuriìterh, akribèsterh kai lìgw qamhloÔ kìstouc exoplism oÔ piì sun jhc efarmìzetai mèsw
elastikoÔ s¸matoc , to opoÐo parembˆlletai metaxÔ dÔo ˆkrwn thc atrˆktou. H morf  tou elastikoÔ

s¸matoc epilègetai katˆllhla ¸ste to metroÔmeno mègejoc ep ' autoÔ na mhn exartˆtai parˆ mìnon

apì to orjog¸nio fortÐo pou endiafèrei. ParadeÐgmatoc qˆri , eˆn epijumoÔme na metr soume thn
strèyh h diˆtaxh me to elastikì s¸ma kai ta aisjht riˆ tou ja p rèpei na eÐnai euaÐsjhth mìno sthn

rop  pou metafèretai apì thn ˆtrakto kai ìqi sthn jlÐyh   thn k ˆmyh pou mporeÐ na ufÐstatai. Se
èna axonikì sÔsthma, ìpwc autì sto sq ma 1.1, to elastikì s¸m a eÐnai h Ðdia h ˆtraktoc.

H mètrhsh thc rop c strèyhc tautìqrona me thn mètrhsh thc gwn iak c taqÔthtac peristrof c
eparkoÔn gia ton prosdiorismì tou wfèlimou èrgou miˆc jermik c mhqan c   enìc hlektrikoÔ kinh-

t ra. H mètrhsh tou jliptikoÔ fortÐou miˆc atrˆktou apodÐde i to fortÐo prìwshc enìc axonikoÔ
sust matoc ploÐou.

Sthn paroÔsa Ergasthriak  'Askhsh ja estiˆsoume thn prosoq   mac sthn exagwg  twn orjo-
gwnÐwn megej¸n {strèyh}, {kˆmyh} kai {¸sh} ˆxona mèsw mètrh shc epifaneiak¸n epimhkÔnse¸n

tou.

Arqikˆ ja jewr soume gnwstèc tic ènnoiec twn epifaneiak¸n m egej¸n {epim kunsh} , {pa-
ramìrfwsh} kai {olÐsjhsh} . O peiramatikìc prosdiorismìc touc ja apotelèsei to mèson g ia

thn anagwg  tou sÔnjetou fortÐou thc atrˆktou stic orjog¸ni ec sunist¸sec thc pou droÔn se
mia egkˆrsia diatom . Ja analÔsoume thn entatik  kai epimhkunsiak  katˆstash thc epifaneÐac tou

kulindrikoÔ elastikoÔ s¸matoc, h opoÐa ja oloklhrwjeÐ me thn perigraf  thc teqnik c mejìdou
mhkunsiomètrhshc me epimhkunsiìmetra epifaneÐac.
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Sq ma 1.1: Genikì sqèdio me ìyh kai egkˆrsia tom  axonikoÔ sust matoc èlikac metablhtoÔ b matoc
thc etairÐacLIPS
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Sq ma 1.2: 'Oyh Prowst riac Egkatˆstashc me axonikì sÔsthm a enìc edrˆnou
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Sq ma 1.3: 'Oyh Prowst riac Egkatˆstashc me axonikì sÔsthm a dÔo edrˆnwn
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Kefˆlaio 2

Metasqhmatismìc tˆsewn stouc

kÔriouc ˆxonec - KÔkloc tˆsewn

Culmann-Mohr

H epifˆneia enìc kataponoÔmenou elastikoÔ exart matoc ufÐstatai paramorf¸seic. Oi paramorf¸-
seic autèc perigrˆfontai akoloÔjwc ekten¸c kai exˆgetai h e ntatik  katˆstash thc epifaneÐac enìc

exart matoc, h opoÐa mèsw thc statik c ja mac odhg sei sta orjog¸nia fortÐa. Sth sunèqeia ja
exˆgoume tic sqèseic pou apodÐdoun thn pl rh perigraf  thc entatik c kai mhkunsiak c katˆstashc

epifaneÐac gia opoiad pote katapìnhsh.

Kˆje metasqhmatismìc sto q¸ro pou perigrˆfetai apì to sÔsth maf e1; e2 ; e3g orÐzetai apì thn
sqèsh:

Sij uj = Yi i; j = 1 ; 2; 3 (2.1)

uj = nk ej
k = n1 ej

1 + n2 ej
2 + n3 ej

3 (2.2)

H (2.2) perigrˆfei ta sunhmÐtona dieÔjunshc:

u1 = cos(~n 1; ~e1); u2 = cos(~n 2; ~e2); u1 = cos(~n 3; ~e3)

Me thn (2.2) h (2.1) lambˆnei thn morf :

Sij ni ej
i = Yj (2.3)

Gia kˆje epifˆneia deutèrou bajmoÔ, h opoÐa perigrˆfetai apì to ginìmeno thc arister c pleu-
rˆc thc (2.3) dÔnatai na ektelesteÐ metasqhmatismìc suntetagmènwn stouc kÔriouc ˆxonec upì thn

proôpìjesh summetrÐac tou tanust : Sij = Sji .
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OrÐzetai metasqhmatismìc kurÐwn axìnwn sto orjog¸nio sÔsthmaf e1; e2 ; e3g, ìtan ta stoiqeÐa

tou tanust  Sij gia i 6= j mhdenÐzontai. 'Estw èna epÐpedoE 0, to opoÐo orÐzei thn epifˆneia ìpou
droÔn apokleistikˆ orjèc sunist¸sec tˆsewn kai to opoÐo kal eÐtai�kÔrio epÐpedo�. Ta sunhmÐtona

dieÔjunshc, ìpwc perigrˆfontai apì thn (2.2), orÐzoun to ˆn usmaup. To ˆnusma (kˆjeto sto epÐpedo

E 0) orÐzetai:

Yp = Sp up =

2

6
4

Sp u1
p

Sp u2
p

Sp u3
p

3

7
5 (2.4)

Sq ma 2.1: Metasqhmatismìc kurÐwn tˆsewn,e1 = (1 ; 0; 0); e2 = (0 ; 1; 0); e3 = (0 ; 0; 1) monadiaÐa
anÔsmata kartesian¸n suntetagmènwn

Sthn eikìna 2.1 sumbolÐzoume ton tanust  tˆsewnSij , to monadiaÐo orjì ˆnusmank sto epÐpedo
E (orÐzei thn dieÔjunsh tou epipèdou) kai to ˆnusma thc sunistamènhc tˆshcYj wc akoloÔjwc:

Sij =

2

6
4

S11 S12 S13

S21 S22 S23

S31 S32 S33

3

7
5 ; nk =

2

6
4

n1
k

n2
k

n3
k

3

7
5 ; Yj =

2

6
4

Y 1
j

Y 2
j

Y 3
j

3

7
5
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Apì thn (2.1) prokÔptei:

Sip up = Sp up ) (Sip � � ip Sp) = 0 (2.5)

H (2.5) apoteleÐ prìblhma prosdiorismoÔ tou idiodianÔsmatoc Sp me sunist¸sec tic akraÐec timèc

tou tanust  Sip :

8
><

>:

2

6
4

S11 S12 S13

S21 S22 S23

S31 S32 S33

3

7
5 �

2

6
4

1 0 0

0 1 0
0 0 1

3

7
5 Sp

9
>=

>;

2

6
4

n1
p

n2
p

n3
p

3

7
5 = 0 (2.6)

To sÔsthma (2.6) èqei lÔseic gia:

Det

2

6
4

S11 � Sp S12 S13

S21 S22 � Sp S23

S31 S32 S33 � Sp

3

7
5 = 0 (2.7)

Prìkeitai na metr soume epimhkÔnseic epifanei¸n, gi' autìja anazht soume lÔseic thc (2.7) se
dÔo diastˆseic:

Det

"
S11 � Sp S12

S21 S22 � Sp

#

= 0 (2.8)

Lambˆnontac up' ìyh thn summetrÐa tou tanust Sij = Sji lambˆnoume apì thn (2.8) thn tetra-

gwnik  morf :

S2
p � (S11 + S22) Sp + ( S11 S22 � S2

12) = 0 (2.9)

h opoÐa èqei tic lÔseic:

S12 = S11 + S22
2 �

q
(S11 + S22 )2

4 + S2
12 = S+ � S� (2.10)

S+ = 1
2 (S11 + S22)

S� =
�

1
4 (S11 � S22)2 + S2

12

� 1
2

Eˆn sugkrÐnoume th (2.9) me thn exÐswsh tou kÔklou, dhlad  thn

(X � X 0)2 + Y 2 = R2 ) X 2 � 2X 0 X + Y 2 + ( X 2
0 � R2) = 0

me thn (2.9) prokÔptei meX 0 = 1
2 (S11 + S22) kai R2 = 1

4 (S11 � S22)2 + S2
12, ìti h tetragwnik 

morf  (2.9) perigrˆfei kÔklo, o opoÐoc orÐzetai apì thn exÐswsh:
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�
S �

S11 + S22

2

� 2

+ t2 =
1
4

(S11 � S22)2 + S2
12 ) (S � S+ )2 + t2 = S2

� (2.11)

Sthn (2.11) oi anexˆrthtec metablhtèc S kai t antiproswpeÔoun tic efelkustikèc kai diatmhtikèc

tˆseic sto sÔsthma suntetagmènwn tou kÔklouS � t (bl. eikìna 2.2).

O metasqhmatismìc kurÐwn axìnwn (2.5) odhgeÐ ston orismì enìc kurÐou epipèdou me orjì ˆnusma
up, sto opoÐo droÔn apokleistikˆ orjèc tˆseic, pou onomˆzontai kÔriec tˆseic kai to epÐpedo drˆshc

touc kÔrio epÐpedo. H gwnÐa anˆmesa sto orjì ˆnusmaup kai sto epÐpedo1 � 1 0, sto opoÐo
parathroÔme tic tˆseic S11, S22 kai S12 upologÐzetai se:

tan 2 =
2 S12

S11 � S22
(2.12)

me tic tˆseic

(
S11

S22

)

= S+ � S� cos2 (2.13)

S12 = S� sin 2 

S+ = 1
2 (S11 + S22); S� =

�
1
4 (S11 � S22)2 + S2

12

� 1=2

Sq ma 2.2: KÔkloc tˆsewn Culmann-Mohr
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2.1 Gewmetrik  exagwg  sqèshc kurÐac epim kunshc kai

olÐsjhshc gia epÐpedh entatik  katˆstash katˆ thn

apokleistik  axonosummetrik  diˆtmhsh

Sq ma 2.3: KateÔjunsh kurÐac epim kunshc� 1 katˆ thn apokleistik  axonosummetrik  diˆtmhsh

H epifˆneia dx1 dx2 sthn eikìna 2.3 apoteleÐ apeirostikì stoiqeÐo epifaneÐac atrˆktou katapo-
noumènhc apokleistikˆ me diˆtmhsh. To stoiqeÐo eÐnai prosanatolismèno me ton ˆxonˆx1 proc thn

dieÔjunsh tou diam kouc ˆxona thc atrˆktou, ètsi ¸ste oi tˆs eicS12 na sunthroÔn thn isorropÐa me
thn rop  pou epibˆlletai sthn ˆtrakto san exwterikì fortÐo. Sthn eikìna 2.3 grˆfoume to phlÐko

u
dx 1

:

(
u

dx 1
= tan � 12

2
� 12
2 � 1

)

=)
u

dx1

�=
� 12

2
(2.14)

H epim kunsh� 1 = l 0� l 0
l 0

thc diagwnÐoul eÐnai:

l = a
p

2 =
q

dx2
1 + dx2

2 = 2 a cos
� �

4
�

� 12

2

�
= 2 a

�
cos

�
4

cos
� 12

2
+ sin

�
4

sin � 122
�

l
2

= a

" p
2

2

�
1 +

� 12

2

�
#

= a

p
2

2

�
1 +

� 12

2

�
=) l = a

p
2

�
1 +

� 12

2

�

� 1 =
a

p
2

�
1 + � 12

2

�
� a

p
2

a
p

2
=

� 12

2
(2.15)

To apotèlesma (2.14) dhl¸nei ìti gia mikrèc epimhkÔnseic h gwnÐa apìklishc apì thn orj  gia èna

apeirostikì, orjog¸nio tm ma epifaneÐac dA = dx1 dx2 eÐnai Ðsh me thn epim kunsh thc diagwnÐou
tou. H sunolik  gwnÐa apìklishc apì thn orj  sunantˆtai sthn bibliografÐa kai san gwnÐa
 ,

ìpou sÔmfwna me ta parapˆnw
 = � 12. H sqèsh (2.14) apoteleÐ thn parastatik  apìdeixh twn
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sullogism¸n tou kefalaÐou (3.2.2), ìpou me to gewmetrikì er galeÐo tou kÔklouCulmann-Mohr

exˆgetai, ìti se mÐa kulindrik  dokì (p.q. elikofìro ˆtrakt o ploÐou) upì strèyh h kateÔjunsh tou
epipèdou kurÐwn tˆsewn (kai epimhkÔnsewn) eÐnai keklimmènh upì thn gwnÐa twn45o proc ton ˆxona

summetrÐac thc (blèpe sq ma 2.4). Gia kˆje ˆllh, epˆllhlh ka tapìnhsh sthn diˆtmhsh (ìpwc kˆmyh,

asÔmmetrh diˆtmhsh kai ¸sh) h gwnÐa apoklÐnei apì tic45o, ìpwc autì exˆgetai me tic parathr seic
epÐ tou kÔklouCulmann-Mohr. Sthn perÐptwsh pou h ˆtraktoc peristrèfetai me stajer  gwn iak 

taqÔthta ! kai h katapìnhsh eÐnai sÔnjeth, h rop  strèyhc apoteleÐ akribèc mègejoc mìnon san
arijmhtikì mèso twn stigmiaÐwn metrhmènwn (apì tic epimhkÔnseic"12) diatmhtik¸n tˆsewn S12 entìc

peristrof c 2 � . MÐa perÐptwsh sÔnjethc katapìnhshc diwst ra me sÔjeto pedÐo iqn¸n epim kunshc
parathroÔme sto sq ma 2.5.

Sq ma 2.4: 'IqnhKurÐwn EpimhkÔnsewn strefìmenou ˆxona

Sq ma 2.5: PedÐo iqn¸nKurÐwn EpimhkÔnsewn diwst ra

Sth sunèqeia ja anazht soume thn peiramatik  mèjodo gia thnakrib  anagwg  twn epifaneiak¸n

epimhkÔnsewn se tˆseic isorropÐac me ta exwterikˆ fortÐa.
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Kefˆlaio 3

Mètrhsh epifaneiak¸n

epimhkÔnsewn me

epimhkunsiìmetra

3.1 Prosdiorismìc mhkunsiak c katˆstashc kai kateÔ-

junshc

Ta epimhkunsiìmetra eÐnai leptoÐ hlektrikoÐ agwgoÐ (bl. kefˆlaio 5.1 kai 4.1), oi opoÐoi epikol-
loÔmenoi epˆnw se kurtèc   koÐlec epifˆneiec epimhkÔnontai  surriknoÔntai kurÐwc se mÐa mìnon

dieÔjunshkai ètsi metabˆletai h hlektrik  touc antÐstash. H mètrhs  t hc eÐnai anˆlogh me thn zh-
toÔmenh epim kunsh. Sth sunèqeia ja exˆgoume apì timèc monodiˆstathc epim kunshc thc epifˆneiac

thn pl rh entatik  thc katˆstash.

Oi epimhkÔnseic mhqanik¸n exarthmˆtwn eÐnai mikrìterec apì 3% kai mporoÔme na qrhsimopoi -

soume me ikanopoihtik  akrÐbeia to mègejoc� = � l
l 0

diathr¸ntac thn grammikìthta twn exis¸sewn.
H metroÔmenh epim kunsh pou aisjˆnetai èna epimhkunsiìmetro epikollhmèno se mia epifˆneia

mporeÐ na perigrafeÐ proseggistikˆ me

�� = � + q �? (3.1)

me� ? thn epim kunsh lìgw thc surrÐknwshc pou aisjˆnetai to epimhkunsiìmetro se orj  gwnÐa
me ton ˆxona mègisthc euaisjhsÐac tou. O suntelest c egkˆrsiac euaisjhsÐacq eÐnai to phlÐko twn

suntelest¸n euaisjhsÐac stic dÔo orjog¸niec kateujÔnseic :

q =
k?

k
=

h
� R
R 0

i

?

1
� � ?

� R
R 0

1
� �

15



Gia ton prosdiorismì thc mhkunsiak c katˆstashc kai kateÔj unshc ekteloÔme metasqhmatismì

kurÐwn axìnwn gia tic epimhkÔnseic sÔmfwna me to kefˆlaio 2.Ta megèjh orismoÔ tou kÔklou
tˆsewn antistoiqoÔn èna proc èna ston kÔklo epimhkÔnsewn. Gewmetrikˆ shmaÐnei autì, ìti kai ta

kÔria epÐpeda tˆsewn kai epimhkÔnsewn sumpÐptoun upì thn proôpìjesh ìti isqÔoun oi paradoqèc

thc paragrˆfou 2. Eˆn grˆyoume thn (2.13) gia tic epimhkÔnseic lambˆnontac thn èna proc èna
antistoiqÐa twn ìrwn Sij $ � ij kai Sp $ � p prokÔptei:

(
� 11

� 22

)

= � + � � � cos2 ; � 12 = � � sin 2 (3.2)

AntikajistoÔme tic orjog¸niec epimhkÔnseic� 11, � 22 kai � 12 thc (3.2) sthn (3.1) kai lambˆnoume:

�� = (1 + q) � + + (1 � q) � � cos2 (3.3)

Sq ma 3.1: KÔkloc epimhkÔnsewnCulmann-Mohr

EndeÐknutai na qrhsimopoi soume nèa kateÔjunsh 2-2' epipèdou tˆsewn strammènou upì gwnÐa'

proc to epÐpedo 1-1'. Autì eÐnai anagkaÐo stic peript¸seic pou h kateÔjunsh  twn kurÐwn tˆsewn
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eÐnai ˆgnwsth. Me metrhmènec epimhkÔnseic� 11 kai � 22 (metrhmènec se aujaÐretec kateujÔnseic upì

gwnÐa2 = � metaxÔ touc sÔmfwna me ton kÔklo thc eikìnac 3.1) o kÔkloc epimhkÔnsewn eÐnai
orismènoc mìnon gia gnwst  gwnÐa   gia gnwst  olÐsjhsh � 12.

Epeid  oi olisj seic "12 den eÐnai metr simec me mhkunsiìmetra (ìpwc shmei¸same parapˆnw

autˆ metroÔn mononodiˆstath diaforˆ m kouc metaxÔ dÔo katastˆsewn-afìrtisthc kai fortismènhc),
ja qreiastoÔme mÐa trÐth mètrhsh mÐac epim kunshc se prokajorismènh kateÔjunsh sqetik  me tic

ˆllec dÔo. Me ˆlla lìgia, h mhnkunsiak  katˆstash orÐzetai a pì dÔo epimhkÔnseic"1 kai "2 kai
mÐa olÐsjhsh"12. Sunèpeia autoÔ eÐnai, ìti qreiazìmaste trÐa megèjh gia thnpl rh perigraf 

thc mhkunsiak c katˆstashc thc epifaneÐac. Me treÐc timèc metrhmènwn epimhkÔnsewn se gnwstèc
kateujÔnseic metaxÔ touc orÐzoume pl rwc thn entatik  katŝtash tou shmeÐou thc epifaneÐac pou

endiaferìmaste. Me th bo jeia epipedometrik¸n parathr se wn ston kÔklo twn epimhkÔnsewn kai
me thn bo jeia tou trigwnometrikoÔ ajroÐsmatoc twn gwni¸n2' kai 2 :

cos2 = cos[2(' +  ) � 2' ] = cos2(' +  ) cos2' + sin 2(' +  ) sin 2' (3.4)

kai me to ginìmeno thc (3.4) me� � lambˆnoume:

� � cos2 = � � cos2(' +  ) cos2' + � � sin 2(' +  ) sin 2' (3.5)

Apì ton kÔklo twn epimhkÔnsewn me thn (3.5) exˆgetai ìti:

� � cos2(' +  ) =
1
2

(� 0
11 � � 0

22) (3.6)

kai

� � sin 2(' +  ) = � 0
12 (3.7)

H (3.5) paÐrnei thn parakˆtw morf :

� � cos2' =
1
2

(� 0
11 � � 0

22)cos2' + � 12sin 2' (3.8)

Antikajist¸ntac thn (3.8) sthn (3.3) lambˆnoume thn sqèsh g ia thn metroÔmenh epim kunsh�� se
aujaÐreta orismènh kateÔjunsh upì thn gwnÐa(' +  ) wc proc to kÔrio epÐpedo:

�� =
1 + q

2
(� 0

11 + � 0
22) +

1 � q
2

[(� 0
11 � � 0

22) cos2' + 2 � 0
12sin 2' ] (3.9)

Gia na orÐsoume thn mhkunsiak  katˆstash kai kateÔjunsh pl rwc eÐnai anagkaÐec treÐc metr seic

se treÐc diaforetikèc gwnÐec' 1, ' 2 kai ' 3. Me thn (3.9) orÐzetai grammikì sÔsthma tri¸n exis¸sewn
me touc treÐc agn¸stouc� 0

11, � 0
22 kai � 0

12:

�� k =
1 + q

2
(� 0

11 + � 0
22) +

1 � q
2

[(� 0
11 � � 0

22) cos2' k + 2 � 0
12sin 2' k ] ; k = 1 ; 2; 3 (3.10)
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EpilÔontac to sÔsthma (3.10) gia tic treÐc epimhkÔnseic� 0
11, � 0

22 kai � 0
12 h mhkunsiak  katˆstash

eÐnai pl rwc orismènh katˆ to mègejoc kai thn kateÔjunsh' k +  apì thn (2.12) grammènh gia tic
epimhkÔnseic:

tan 2(' k +  ) =
2 � 0

12

� 0
11 � � 0

22
; k = 1 ; 2; 3 (3.11)

Tic treÐc timèc thc epim kunshc metrˆme me thn bo jeia mhkunsiomètrwn, ta opoÐa perièqoun

trÐa dÐktua diatetagmèna se koinì forèa membrˆnhc poluðmidÐou, ìpwc faÐnetai sthn eikìna 5.3 sthn
parˆgrafo 5.1.

Me tic exis¸seic isorropÐac tˆsewn thc epÐpedhc entatik c katˆstashc sthn epifˆneia:

S0
11 = E

1� � 2 (� 0
11 + � � 0

22)

S0
22 = E

1� � 2 (� 0
22 + � � 0

11) (3.12)

S0
12 = E

1+ �
� 0

12
2

h entatik  katˆstash sto shmeÐo thc mètrhshc eÐnai katˆ mègejoc kai kateÔjunsh apolÔtwc

orismènh.

3.2 ParadeÐgmata

3.2.1 Strèyh

ZhteÐtai o kÔkloc tˆsewn gia katapìnhsh strèyhc epiballìme nhc ston diam kh ˆxona elastik c

dokoÔ kulindrik c diatom c.

Orismìc anÔsmatoc kurÐwn tˆsewn Sp

Metasqhmatismìc kurÐwn axìnwn gia ton prosdiorismì twn kurÐwn tˆsewnS1 kai S2 :

Det

"
� S S12

S12 � S

#

= S2 � S2
12 = 0

) S = � S12; S1 = S12; S2 = � S12

To idiodiˆnusma kurÐwn tˆsewnSp

Sp =

"
S12

� S12

#

(3.13)

lambˆnei antÐrropec timèc thc diatmhtik c tˆshcS12.
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Sq ma 3.2: Strèyh : DieÔjunsh epipèdou kurÐwn tˆsewn

Orismìc kateÔjunshc tou epipèdou kurÐwn tˆsewn

H tˆsh S12 dra sto epÐpedo egkˆrsiac diatom c kai isorropeÐ me thn exwterikˆ epiballìmenh rop 
T (bl.eikìna 3.2):

(
S11 = S22 = 0

S12 = S21 6= 0

)

) Sij =

"
0 S12

S21 0

#

Apì thn (2.12) prokÔptei h gwnÐa kateÔjunshc tou epipèdou kurÐwn tˆsewn :

tan 2 =
2 S12

S11 � S22
= 2 S12

0 = 1

2 = tan � 1 1

2 = (2 k + 1) �
2 ; k 2 N (3.14)

Kataskeu  kÔklou tˆsewn

O kÔkloc tˆsewn (2.11) orÐzetai apì trÐa shmeÐa (bl. eikìna 3.4):

� 1o shmeÐo: orÐzei thn jèsh tou kèntrou ston ˆxonaS meS+ = 0 .

� 2o shmeÐo: orÐzetai apì thn mègisth tim  tou idiodianÔsmatoc, dhlad  apì thn kÔria tˆsh

S1 = S12 epÐ tou ˆxonaS.

� 3o shmeÐo: orÐzetai apì thn elˆqisth tim  tou idiodianÔsmatoc, dhlad  apì thn kÔria tˆsh
S2 = � S12 epÐ tou ˆxonaS
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Sq ma 3.3: Tìxo efaptomènhc2 

Sq ma 3.4: KÔkloc tˆsewn

3.2.2 DiereÔnhsh kateujÔnsewn mhkunsiomètrhshc

Strèyh

Epidrˆ apokleistikˆ fortÐo strèyhc ~T = f T1; 0; 0g. Oi kÔriec epimhkÔnseic eÐnai sÔmfwna me thn

(3.2) :

(
� 1

� 2

)

= � + + � � cos2 ; � 12 = � � sin 2 ; 2 =
�
2

EpimhkÔnseic� + kai � � apì thn (2.13): PerÐptwsh I : Prosanatolismìc stoiqeÐou epifaneÐac!

axonikìc:
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Sq ma 3.5: Strèyh : KÔriec kateujÔnseic

� + =
1
2

(� 11 + � 22) = 0

� � = [
1
4

(� 11 � � 22)]
1
2 = � � 12

PerÐptwsh II : Prosanatolismìc stoiqeÐou epifaneÐac! upì gwnÐa�
4 :

� + =
1
2

(� 0
11 + � 0

22) = 0

� � = [
1
4

(� 0
11 � � 0

22)]
1
2 = � � 0

11 = � � 0
22

Sthn epifˆneia thc atrˆktou thc eikìnac (3.5) mìnon oi epimhkÔnseic� 0
ii eÐnai metr simec kai autì

eÐnai dunatìn mìno sthn perÐptwsh II, kaj' ìti sthn perÐptwsh I droÔn apokleistikˆ olisj seic � ij ,

oi opoÐec den metroÔntai me epimhkunsiìmetra epifaneÐac. Apì thn (3.3) lambˆnoume:

�� = (1 + q) � + + (1 � q) � � cos2 = � (1 � q) � 0
11 ) � 0

11 =
��

1 � q

3.2.3 Efelkusmìc - JlÐyh

ZhteÐtai o kÔkloc tˆsewn gia katapìnhsh efelkusmoÔ epiballìmenou ston diam kh ˆxona elastik c

atrˆktou.
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Orismìc tanust  kurÐwn tˆsewn Sp

Metasqhmatismìc kurÐwn axìnwn:

Det

"
S11 � S 0

0 � S

#

= S11 � S2 = 0

) S =
S11

2
�

r
S2

11

2
) S1 = S11; S2 = 0

Sp = Det

"
S11 0

0 0

#

(3.15)

Sq ma 3.6: Efelkusmìc : KÔriec kateujÔnseic

Mìnon mÐa kÔria tˆsh dra sthn kateÔjunsh tou fortÐou ~F kai lambˆnei thn tim  S11 = j ~F j
A 0

, ìpou
A0 h epifˆneia diatom c.

Kataskeu  kÔklou tˆsewn

TrÐa shmeÐa tou kÔklou tˆsewn orÐzontai wc ex c (bl. eikìna 3.7) :

� 1o shmeÐo: suntetagmènh tou kèntrouS+ = S11
2 .

� 2o shmeÐo: shmeÐo epÐ tou kÔklou me suntetagmènh thn mègisthidiotim  tou tanust , thn tim 
thc kurÐac tˆshc S1 = S11

� 3o shmeÐo: orÐzetai apì thn elˆqisth idiotim S2 = 0

Sto epÐpedo upì thn gwnÐa = �
4 epidrˆ o tanust c:

Sij =

"
S1
2 � S1

2

� S1
2

S1
2

#
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Sq ma 3.7: Efelkusmìc : KÔkloc tˆsewn

3.2.4 Efelkusmìc - Kˆmyh

ZhteÐtai o kÔkloc epimhkÔnsewn gia tic peript¸seicIII kai IV
Apì thn (3.12) lambˆnoume meS12 = 0 :

S22 =
E

1 � � 2 (� 22 + � � 11) = 0 ) � 22 = � �� 11

) S11 =
E

1 � � 2 (� 11 � � 2� 11) = E � 11

Antikajist¸ntac sthn (2.13) tic tˆseic gia thn epÐpedh enta tik  katˆstash apì thn (3.12) lam-
bˆnoume tic sqèseic twn tˆsewn kai epimhkÔnsewn:

S+ =
1
2

E
1 � �

(� 11 + � 22) ()
S+
E

1� �

= � + =
1
2

(� 11 + � 22)

S� =
E

1 + �

�
1
4

(� 11 � � 22)2 + � 2
12

� 1
2

()
S�
E

1+ �

= � � =
�

1
4

(� 11 � � 22)2 + � 2
12

� 1
2

Sth sunèqeia upologÐzoume tic suntetagmènec� + kai � � kai orÐzoume ètsi ton entatikì kÔklo gia

tic peript¸seic III kai IV thc eikìnac 3.8:

S+ =
1
2

E � 11; S� =
�

1
4

(E � 11 � 0)2 + 0 2
� 1

2

=
1
2

E� 11

� + =
S+
E

1� �

=
1
2 E � 11

E
1� �

=
1 � �

2
� 11

� � =
S�
E

1+ �

=
1
2 E � 11

E
1+ �

=
1 + �

2
� 11
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Sq ma 3.8: Efelkusmìc - Kˆmyh : KÔkloc tˆsewn

Gia thn olÐsjhsh � 12 lambˆnoume apì thn (3.2):

(
� 0

12 = � � sin 2 

 = �
4

)

=) � 0
12 = � � =

1 + �
2

� 11

O kÔkloc epimhkÔnsewn gia tic peript¸seicIII kai IV thc eikìnac 3.9 perigrˆfetai parakˆtw apì

tic akìloujec suntetagmènec tou kèntrou � + kai � � :

� 1 = � + + � � =
1 � �

2
� 11 +

1 + �
2

� 11 = � 11

� 2 = � + � � � =
1 � �

2
� 11 �

1 + �
2

� 11 = � � � 11

Apì thn (3.2) exˆgoume:

� 0
11 = � + + � � cos

�
2

= � + =
1 + �

2
� 11

� 0
22 = � + � � � cos

�
2

= � + =
1 + �

2
� 11

� 0
12 = � � sin

�
2

=
1 + �

� 11

O metasqhmatismìc kurÐwn tˆsewn pou perigrˆfei h (2.5) isqÔei gia ta epÐpeda 1,2   2,3   3,1.
Antikajist¸ntac kuklikˆ touc deÐktec i kai p sthn (2.5) exˆgoume treÐc kÔklouc tˆsewn gia ta trÐa

epÐpeda pou orÐzoun ta monadiaÐa dianÔsmata~n1, ~n2 kai ~n3. Stic eikìnec 3.10 kai 3.11 oi tˆseic � 1,
� 2, � 3 kai � antistoiqoÔn stic tˆseic S1, S2 kai S3 kai t.

24



Sq ma 3.9: Efelkusmìc - Kˆmyh : KÔkloc epimhkÔnsewn
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Sq ma 3.10: Probol  twn entatik¸n kÔklwn sta trÐa epÐpeda

Sq ma 3.11: Apeikìnish twn tri¸n entatik¸n kÔklwn se èna diˆ gramma

26



Kefˆlaio 4

Mètrhsh epimhkÔnsewn me

epimhkunsiìmetra

4.1 Sunj kh metaforˆc epim kunshc - hlektrik c antÐ-

stashc

Gia thn mètrhsh epimhkÔnsewn gÐnetai qr sh tou fainomènou metabol c thc antÐstashc metallikoÔ  
hmiag¸gimou ulikoÔ me kÔria parˆmetro epirro c thn allag  t hc morf c tou. To fainìmeno autì èqei

perigrafeÐ sto mˆjhma {Ergast rio Nautik c MhqanologÐac I }, Ergasthriak  'Askhsh: Mètrhsh
Fusik¸n Megej¸n, Mètrhsh JermokrasÐac, PÐeshc, Ro c me kwdikì ENM I-A1. H sumperiforˆ

tou agwgoÔ (  hmiagwgoÔ) (bl. shmei¸seic exÐswsh 5.6) perigrˆfetai apì:

� R
R0

=
�
k1(�" ) + k2(�" )

�
�� "; k 1(�" ) =

1 + �"
1 � 2� �"

f 0
%(�" );

k2(�" ) =
%
%0

1 + 2�
(1 � 2� �" )2 (4.1)

En¸ gia hmiag¸gima ulikˆ h k1 kubernˆ thn epirro  thc allag c morf c tou ulikoÔ (epim kun sh)
epÐ thc hlektrik c antÐstashc, gia metallikˆ ulikˆ kuriarq eÐ hk2. H k2 eÐnai exarthmènh apì ton

suntelest  surrÐknwshc � , o opoÐoc eÐnai stajerìc gia elastikèc paramorf¸seic kai thn epim kunsh
�" emfanÐzetai sto tetrˆgwno tou paronomast , opìte san mikrì mègejoc h epirro  thc eÐnai amelhtèa.

'Etsi gia � = 0 :3 mek1 � 0:4 kai k2 � 1:6 èqoume thn exÐswsh metaforˆc thc epim kunshc se
hlektrik  antÐstash me k = k1 + k2 � 2 :

� R
R0

= k �� " (4.2)
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4.2 Gèfura WHEATSTONE

Mikrèc allagèc hlektrik c antÐstashc   pt¸shc tˆshc metroÔ ntai me to kÔklwma thc gèfuracW-

HEATSTONE (bl. eikìna 4.1).

Sq ma 4.1: Gèfura WHEATSTONE

Efarmìzontac touc nìmouc twn Kirchho� kai Ohm sto kÔklwma thc eikìnac 4.1 katal goume

sÔntoma sthn exÐswsh twn tˆsewn:

UB

UX
=

�
R1

R1 + R2
+

R4

R3 + R4

�
(4.3)

Me stoiqei¸dh b mata upologÐzoume to apìluto diaforikì tou lìgou twn tˆsewn d
�

UB
UX

�
kai

pernˆme se peperasmèna megèjhd
�

UB
UX

�
! �

�
UB
UX

�
katal gontac sthn jemeli¸dh exÐswsh tou

mhqanismoÔ leitourgÐac thc gèfurac:

�
�

UB

UX

�
=

1
4

�
� R1

R1
�

� R2

R2
+

� R3

R3
�

� R4

R4

�
(4.4)

Me thn (4.2) lambˆnoume apì thn (4.4) :
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�
�

UB

UX

�
=

k
4

[�� "1 � �� "2 + �� "3 � �� "4] =
k
4

4X

i =1

(� 1)i +1 �� " i (4.5)

H (4.5) eÐnai h jemeli¸dhc exÐswsh tou mhqanismoÔ leitourgÐac thc gèfurac WHEATSTONE . H

arister  pleurˆ thc onomˆzetai apìklish apì thn isorropÐa dhl¸nontac thn idiìthta thc gèfurac na
isorropeÐ, ìtan oi antistˆseic eÐnai ìlec Ðsec, prˆgma pou shmaÐnei, ìti h pt¸sh tˆshc UB eÐnai mhdèn.

Mikrèc apoklÐseic thc tˆxhc merik¸n dekˆdwnm
 prokaloÔn apìklish thc gèfurac me apotèlesma
na rèei reÔma stouc klˆdouc kai na prokaleÐ pt¸sh tˆshc sta dÔo ˆkra aÐsjhshc tou s matoc

UB . To mètro apìklishc thc gèfurac apì thn isorropÐa thc eÐnai adiˆstato kai gi' autì epilèximo
anˆloga me thn efarmog  thc. 'Allote eÐnai bolikìtero to gew metrikì mègejoc �m

m , en¸ to mègejoc
mV
V apodÐdei piì pistˆ thn apìklish thc gèfurac apì thn isorropÐ a thc. Ta dÔo megèjh mètrhshc

eÐnai fusikˆ sundedemèna mèsw thc (4.2).
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Kefˆlaio 5

Epimhkunsiìmetra epifaneÐac

5.1 EÐdh epimhkunsiomètrwn

E - abgedecktes Messgitter
DMS-Typen: FAE, FSE
Die am meisten verwendete Option. Ein 0,025 mm dik-
ker Polyimidfilm deckt den ganzen DMS ab. Nur der
zum Anlöten der Anschlussdrähte nötige Bereich bleibt
frei. BLH empfiehlt abgedeckte Messgitter, da die Ab-
deckung das Messgitter vor Schmutz und Fingerab-
drücken während der Applikation schützt.

E - Encapsulation only
Gage types: FAE, FSE
The most popular option. This option consists of a 0.025
mm layer of polyimide film that covers all of the gage
except that portion of the tab necessary for lead attach-
ment. The polyimide overlay provides protection of the
sensing element during installation handling, and pro-
motes better long term stability with the foil grid protec-
ted from airborne contaminants or fingerprints.

Sq ma 5.1: Metallikì epimhkunsiìmetro eureÐac qr shc prostateumèno me membrˆnh poluðmidÐou se

fusikì mègejoc

Sq ma 5.2: Epimhkunsiìmetro apì hmiag¸gimo ulikì
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Sq ma 5.3: Metallikì epimhkunsiìmetro tri¸n dieujÔnsewn ( 0o � 45o � 90o)
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12

DMS-Modell Gage Pattern  Abmessungen in mm           Dimensions in mm

E E E E
E L S C L S T P

Gitter- Gesamt- Gitter- Matrix R-Ohm Bild Typen- Optionen
länge (a) länge (b) breite (c) L (d) B (e) Nr. bezeichnung

Grid Overall Grid Matrix Size R-Ohms Fig. Designation Options
Length Length Width L (d) W (e)
(a) (b) (c)

12,70 17,78 6,35 23,06 9,40 120 1 FAE-50-12-SX l l l l l l l l

12,70 17,78 6,35 23,06 9,40 350 1 FAE-50-35-SX l l l l l l l l

8,56 13,21 4,93 20,32 12,07 120 2 FAE-37-12-SX l l l l l l l

9,27 13,34 4,83 18,64 9,27 350 2 FAE-37-35-SX l l l l l l l

6,35 8,89 3,18 13,92 6,35 120 3 FAE-25-12-SX l l l l l l l l

6,35 8,89 3,18 13,92 6,35 350 3 FAE-25-35-SX l l l l l l l l

4,76 6,60 2,41 11,79 6,22 120 4 FAE-18-12-SX l l l l l l l

4,45 7,37 2,03 13,00 12,95 350 4 FAE-18-35-SX l l l l l l l

3,18 4,57 1,65 8,99 4,45 120 5 FAE-12-12-SX l l l l l l l

3,18 4,57 1,57 9,12 4,57 350 5 FAE-12-35-SX l l l l l l l

1,57 2,54 1,27 7,06 4,57 120 6 FAE-06-12-SX l l l l

1,57 2,79 1,52 7,34 4,57 350 6 FAE-06-35-SX l l l l

1,27 2,54 1,02 7,06 3,81 120 7 FAE-05-12-SX l l l l

0,79 1,78 1,27 6,17 4,57 120 8 FAE-03-12-SX l l l l

6,35 9,65 6,35 15,85 13,46 120 9 FAE-25S-12-SX l l l l l l l

6,35 8,89 6,35 13,94 9,27 350 9 FAE-25S-35-SX l l l l l l l

4,11 6,48 4,57 13,72 11,81 120 10 FAE-18S-12-SX l l l l l l l

4,70 7,29 5,21 13,56 13,08 350 10 FAE-18S-35-SX l l l l l l l

3,10 4,38 3,18 9,25 6,10 120 11 FAE-12S-12-SX l l l l l l l l

3,18 4,38 3,18 9,53 6,10 350 11 FAE-12S-35-SX l l l l l l l l

1,57 3,30 1,57 7,82 4,57 120 12 FAE-06S-12-SX l l l l l l l l

1,57 3,30 1,57 7,82 4,57 350 12 FAE-06S-35-SX l l l l l l l l

0,79 1,78 0,79 6,32 4,57 120 13 FAE-03S-12-SX l l l l l l l

3,18 7,11 4,60 12,95 12,57 120 15 FAE-12W-12-SX l l l l l l l

3,18 7,11 4,60 12,95 12,57 350 15 FAE-12W-35-SX l l l l l l l

1,52 3,68 3,23 8,38 8,89 120 16 FAE-06W-12-SX l l l l l l l

1,57 3,43 3,18 8,59 7,85 350 16 FAE-06W-35-SX l l l l l l l

0,79 1,90 1,57 6,83 3,56 120 18 FAE-03W-12-SX l l l l l l l

0,79 1,90 1,57 6,83 3,86 350 18 FAE-03W-35-SX l l l

0,51 1,65 1,02 4,83 2,79 350 19 FAE-02W-35-SX l

0,38 1,14 0,76 3,05 1,78 120 20 FAE-01W-12-SX l l l

6,35 7,11 7,11 12,57 18,52 120 21 FAE-25G-12-SX l l l l l l

6,35 6,86 7,11 12,70 18,03 350 21 FAE-25G-35-SX l l l l l l

3,23 3,56 3,30 9,53 9,91 120 22 FAE-12G-12-SX l l l l l l

3,18 3,30 3,30 10,41 13,08 350 22 FAE-12G-35-SX l l l l l l

1,57 1,78 1,78 4,57 6,86 120 23 FAE-06G-12-SX l l l l l l

1,57 1,65 1,53 5,72 8,26 350 23 FAE-06G-35-SX l l l l l l

0,97 1,09 2,28 3,20 6,10 350 – FAE-03G-35-SX l l l l l

0,79 0,81 0,94 3,56 4,83 120 24 FAE-03G-12-SX l l l l l

0,38 0,43 0,74 3,91 4,29 120 25 FAE-01G-12-SX l l l l l

FAE-Serie
FAE Series

* in doppelter Effektivgrösse
* twice actual size

Sq ma 5.4: PÐnakac epilog c epimhkunsiomètrwn
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5.2 Diagrˆmmata idiot twn

Sq ma 5.5: EndeiknÔmenh epim kunsh exarthmènh apì thn jermokrasÐa

Group 1
FAP

Group 2
FAB

Group 3
FAE

Group 4
FSM
FSE

Group 5
DLB-PT

Strain Gage Fatigue Life

Sq ma 5.6: Qarakthristik  kampÔlh kìpwshc epimhkunsiomètrwn
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Sq ma 5.7: Qarakthristikèc kampÔlec idiot twn epimhkunsiomètrwn hmiagwg¸gimwn ulik¸n
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Sq ma 5.8: Epimhkunsiìmetra hmiag¸gimwn ulik¸n
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Kefˆlaio 6

Diègersh gèfurac kai sullog 

dedomènwn me to ìrgano Campbell

- CR23X Datalogger

6.1 Apìspasma apì to egqeirÐdio leitourgÐac kai prì-

gramma metr sewn me gèfurec WHEATSTONE
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Sq ma 6.1: Campbell - CR23X Datalogger
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Sq ma 6.2: Campbell - CR23X Datalogger
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Sq ma 6.3: Campbell - CR23X Datalogger
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Sq ma 6.4: Campbell - CR23X Datalogger
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Sq ma 6.5: Campbell - CR23X Datalogger

41



Sq ma 6.6: Campbell - CR23X Datalogger
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Sq ma 6.7: Campbell - CR23X Datalogger
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Sq ma 6.8: Campbell - CR23X Datalogger
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Sq ma 6.9: Prìgramma metr sewnCampbell - CR23X Datalogger
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