
�14
03

Q=y@
�h

}QW
l}

v=mt
|U

Ovyt
�|W

ywSB
�'2

3�1
5"

X
'1|

xQ=t
W'

40
|xQ

wO

O
ri

gi
na

lA
rt

ic
le|UOvy |R=Uxv}y@ w |Q}PBh=]av= |UQQ@

OwOLt u=tr= VwQ =@ |Qt}rB CvDU= O}OH KQ]
�|QDmO |wHWv=O� |tD=N OtLt

�Q=}Wv=O� |w}vO |ra
�Q=}Wv=O� �|QP=@= |UwtQ}t=

x}twQ= x=oWv=O '|UOvyt xOmWv=O 'l}v�t |UOvyt xwQo
�Q=}O=DU=� |LwDi OtLt

Ovry 'CirO 'CirO |DavY x=oWv=O 'u}tR swra w u=Qta |UOvyt xOmWv=O '|L=Q] w C} Q}Ot 'l}v�t 'O=wt xwQo

OQwt xm |Rri |=yCvDU= '|kwQa � |@rk |=yCvDU= |L=Q] QO =y|Qw;wv xty OwHw =@
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pk=OL x@ Qw_vtx@ "OwW|t u=Q=t}@ nQt |DL =} |tUH CqmWt x@ QHvt xm Ovvm|t
xaUwD p=L QO =yQt}rB Ovv=t |O}OH O=wt '|Rri |=yCvDU= =@ \@DQt CqmWt uOv=UQ
R= xO=iDU= =@ |Q=HD |Qt}rB |=yCvDU= |Q}PBh=]av= w |DiU 'xar=]t u}= QO "OvDUy

n =Rn} R CvDU= |=Q@ |O}OH KQ] "OwW|t |UQQ@ OwOLt u=tr= VwQ w |r}rLD \@=wQ
u; |a=aW s=mLDU= V}=Ri= CyH Ct=N[ Q}}eD x@ C@Uv C}U=UL Vy=m Qw_vtx@
u}}aD w V}=tR; |L=Q] CyH Tv=} Q=w R}r=v; w |Jwo =D VwQ R= 'u=}=B QO "OwW|t x�=Q=

CvDU= Ct=N[ w pB ZQa 'C=QDU= ZQa pt=W CvDU= |UOvy |=yQDt=Q=B Q}F-=D u=R}t
w pB ZQa xm OyO|t u=Wv G}=Dv "OOQo|t xO=iDU= CvDU= ẁv u}= |Q}PBh=]av= |wQ

CvDU= Ct=N[ Q}}eD w OvQ=O CvDU= |Q}PBh=]av= |wQ =Q Q}F-=D u} QDW}@ ?}DQDx@ C=QDU=
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"OQ=Ov CvDU= ẁv u}= |Q}PBh=]av=

m.khatami@urmia.ac.ir
a.doniavi@urmia.ac.ir
am.abazari@urmia.ac.ir
m.fotouhi-1@tudelft.nl

"OwOLt u=tr= 'Tv=} Q=w R}r=v; '|R=Uxv}y@ 'CvDU= %|O}rm u=oS=w

xtOkt "1
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x@ '|Rri |=yCvDU= =t= OvwW xDN=U hrDNt O=wt R= Ovv=wD|t =yCvDU= [6]"OvW=@
|=yCvDU= u} QDpw=ODt '?wN |m}v=mt |=y|oS} w p}rO x@ 'uRvnvR Oqwi xS} w
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"CU= =yCvDU= |m}v=mt X=wN |@=} RQ= CyH u=v}t]= p@=k Ov}=Qi l} VwQ
OwOLt u=tr= VwQ G}=Dv O}}-=D CyH |y=oW}=tR; |=yCUD R= '|r@k C=ar=]t QO
x�=Q= |=ypOt QO u}vJty "OW=@|t xv} Ry QB |rw u�t]t |WwQ xm xOW xO=iDU=

"CU= R=}v OQwt xOW |R=Uxv}y@ |=yCt=N[ Rwvy 'u}W}B xOW
CyH |r}rLD \@=wQ R= xOW QmP |=yC}OwOLt `iQ CyH xr=kt u}= QO
|r@k C=k}kLD QDW}@ xm =Hv; R= "OwW|t xO=iDU= OwOLt u=tr= G}=Dv |HvUCLY
|Qt}rB |=yCvDU= |R=Uxv}y@ |wQ |tm C=k}kLD w xOw@ |Rri |=yCvDU= |wQ
w |Q}PBh=]av= u=tRsy V}=Ri= CyH xv}y@ KQ] l} O=H}= swRr 'CU= xOW s=Hv=
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Ct=N[ Q}}eD x@ |QDtm C}U=UL '|Q}PBh=]av= Q_v R= =D OOQo|t x}=Q= n =R n} R
R}r=v; w |Jwo =D VwQ R= 'u=}=B QO "OW=@ xDW=O u; |a=aW s=mLDU= V}=Ri= CyH
pt=WCvDU= |UOvy |=yQDt=Q=B Q}F-=D u=R}t u}}aD wV}=tR; |L=Q]CyHTv=} Q=w
CvDU= ẁv u}= |Q}PBh=]av= |wQ CvDU= Ct=N[ w pB ZQa 'C=QDU= ZQa

"OwW|t xO=iDU=
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x@ 'Qt}rB Q@ |vD@t |kwQa |=yCU@ Q=O |xaUwD |iQ] R= "CU= xDiQo Q=Qk |UQQ@
|yHwD p@=k u=R}t x@ |Qt}rB O=wt u}= =Q} R 'OQ=O R=}v |O}OH |Q=DN=U |xUOvy
|=yCvDU= p}rO u}ty x@ [11]"OvQ=O |Rri |=yS=}r; R= |QDtm |a=aW s=mLDU=
"OwW|t =yv; |Q}PBh=]av= Vy=m Ea=@ xm OvDUy |QDW}@ Ct=N[ |=Q=O |Qt}rB
w nQ |twD=v; =@ j@=]D CyH |i=m |Q}PBh=]av= |=Q=O |DU}=@ p;xO}= CvDU= l}
u=} QH |@=} R=@ CyH R=}v OQwt |a=aW Ctw=kt Ov=wD@ u}vJty w xOw@ u; CmQL
CvDU= xUOvy |R=Uxv}y@ R= pmWt u}= `iQ |=Q@ 'xar=]t u}= QO "O}=tv sy=Qi =Q uwN
n =R n} R CvDU= |=Q@ |O}OH KQ] w OwW|t xO=iDU= |Jwo =D VwQ R= xO=iDU= =@
w OQ=O Ct=N[ Q}}eD x@ |QDtm C}U=UL |r@k KQ] x@ C@Uv xm OOQo|t x�=Q=

"O}=tv ^iL =Q CvDU= |Q}PBh=]av= Ov=wD|t 'Ct=N[ V}=Ri= =@ u=tRsy
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\UwD 2015 p=U QO Q}PB?} QND CU} R |Qt}rB |=yCvDU= [13]"OOQo j@]vt u;
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u}}aD CyH =Q xv}y@ VwQ l} [22]u=Q=mty w |Qwt "OvQ=O CvDU= |Q=DN=U Q=DiQ
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=yCvDU= |=Q@ |DiU ẁv wO "OQ=O u; |DiU =@ Twmat |x]@=QCvDU= |Q}PBh=]av=

"kb |WtN |DiU w kd pmW Q}}eD p@=kt QO |DiU %CU= xOW h} QaD
%OyO|t u=Wv =Q CvDU= pmW Q}}eD p@=kt QO |DiU [26]1 |x]@=Q

kd = F
�D

(1)

|a=aW |wQ}v hQat F 'pmW Q}}eD p@=kt QO CvDU= |DiU Qov=}@ kd 'x]@=Q u}= QO
xOW O=H}= Q]k hqDN= Qov=}=tv w �D |W=B wQi Q=Wi QO CvDU= x@ xOW p=ta=
u=wvax@ Ovm =O}B Vy=m CvDU= Q]k �10 u; QO xm |Q=Wi "CU= wQ}v p=ta= QF= QO
nQ xQ=w}O Q=Wi ptLD CyH |Q=}at u=wvax@ xm OwW|t h} QaD |W=B wQi Q=Wi
|rB Qt}rB TvH R= n =R n} R w lv}r |Drwt '?P=H CvDU= QO Q=Wi u}= "OW=@|t
p=mU=B=ot 0/011 w 0/035 '0/041 Q@=Q@ ?}DQD x@ 14 (PLA) O}U= l}Dm q
w u} QDsw=kt ?P=H CvDU= '|r=ta= Q=Wi p@=kt QO xm CU= =vat u=O@ u}= [11]"CU=
'VQDUo R=TBCvDU= |HQ=N Q]k "OQ=O =Q OQmrta u} QDh}a[ n =Rn} RCvDU=
w |W=B wQi Q=Wi p=ta= R= TB CvDU= |HQ=N Q]k w (D0) x}rw= Q]k u=wvax@
|=tv 3 pmW "OwW|t xDiQo Q_v QO (D) |}=yv Q]k u=wvax@ 'Q]k �10 Vy=m
"OyO|t u=Wv '|W=B wQi Q=Wi QO w VQDUo R= TB Cr=L QO =Q CvDU= R= |m}D=tW

%Ov};|t CUOx@ 3 w 2 x]@=Q R= �Dw D
D
D0

= 0=9 (2)

�D = D0 �D (3)

R= '|W=B wQi Q=Wi QO F CvDU= x@ xOW p=ta= |a=aW |wQ}v |x@U=Lt CyH
[26]"OwW|t xO=iDU= 4 |x]@=Q

F = P : AContact (4)

nQ =@ CvDU= T=tD K]U CL=Ut AContact w |W=B wQi Q=Wi P 'x]@=Q u}= QO
%OwW|t x@U=Lt [26]5 |x]@=Q R= xm OW=@|t

AContact = AStruts + Abridges (5)

"CvDU= R= l}D=tW |=tv "3 pmW

=Q =yCvDU= u}= x@ \w@ Qt C=YNWt 1 pwOH "OvDUy |Q=HD OQ@ Q=m |=Q=O 'n =R
"OyO|t u=Wv

xOw@ �VQDUo R= V}B� x}rw= Cr=L QO CvDU= |HQ=N Q]k hQat Dcrimp
1/65 n =Rn} R w QDt}r}t 2 ?P=H 'QDt|r}t 2/2 lv}r |Drwt CvDU= |=Q@ xm
QO �uOW R=@� VQDUo R= TB CvDU= |HQ=N Q]k Qov=}@ D0 "CU= QDt}r}t
'QDt}r}t 3/2 x@ lv}r |Drwt CvDU= |=Q@ xm OW=@|t uwr=@ \UwD nQ pN=O
'j}kLD u}= QO "OUQ|t QDt}r}t 3/65 x@ n =R n} R w QDt|r}t 4 ?P=H
x@ w 1 pwOH R= xO=iDU= =@ n =R n} R w ?P=H 'lv}r |Drwt CvDU= xU
2 pmW "CU= xOW |R=UpOt 13RmQwO}r=U Q=Ri= sQv =@ QDt|r}t 5/30 pw]
u=Wv 'VQDUo R= V}B w x}rw= Cr=L QO =Q =yCvDU= u}= R= |m}D=tW |=tv

"OyO|t
[25]"n =R n} R w ?P=H 'lv}r |Drwt |=yCvDU= C=YNWt "1 pwOH

pB ZQa C=QDU= ZQa Ct=N[
CvDU=

(�m) (�m)
CvDU=
(�m)

110 110 156 lv}r |Drwt
200 143 156 ?P=H
82 90 170 n =R n} R

"x}rw= Cr=L QO |Qt}rB |=yCvDU= l}D=tW |=tv "2 pmW
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pw] =@ n =R n} R CvDU= |Q}PBh=]av= CUD OwOLt u=tr= |R=Ux}@W "4 pmW
"0/15 =vLv= w 0/78 sN x}w=R 'QDt|r}t 5/30

"=yv; Kw]U w CvDU= |UOvy |=yQDt=Q=B "2 pwOH
K]U |=yQDt=Q=B

3 2 1 CvDU= |UOvy
0=16 0=13 0=1 C=QDU= ZQa

(mm)

0=14 0=11 0=08 pB ZQa
(mm)

0=23 0=4 0=17 CvDU= Ct=N[
(mm)

xOW|UQQ@|HwQN |wQhrDNt |=ypt=a QF= '=yV}=tR; u} QDtm s=Hv= =@ VwQ u}=
|=yx}=Q; R= xO=iDU= V}=tR; |L=Q] QO |Jwo =D VwQ "OwW|t x�=Q= MU=B u} QDy@ w
|rt=wa u=wD|t |Jwo =D VwQ R= xO=iDU= =@ "CU= =yV}=tR; O=OaD Vy=m QO Ot=aDt
xO=iDU= "OQm u}}aD V}=tR; pk=OL =@ 'OvQ=O pwYLt C}i}m Q@ =Q Q}F-=D u} QDW}@ xm
|}=Q=m O}}=D QO 'CvDU= |UOvy |=yQDt=Q=B |R=Uxv}y@ w V}=tR; |L=Q] VwQ R=
u=wvax@ n =R n} R CvDU= ?=NDv= R= TB 'xar=]t u}= QO "CU= QF-wt Q=}U@ CvDU=
|a=aW s=mLDU= w |Q}PBh=]av= u=tRtyV}=Ri=CyH 'q=@ |Q}PBh=]av= =@CvDU=
|L=Q] 'O}OH CvDU= C}r@=k |UQQ@ CyH TBU "CU= xOW x�=Q= |O}OH KQ] u;
K]U xU QO CvDU= Ct=N[ w pB ZQa 'C=QDU= ZQa QwDm =i xU =@ V}=tR;
�V}=tR; 9 O=OaD� L9 OQ=Ov=DU= x}=Q; w |Jwo =D VwQ R= xO=iDU= =@ w �2 pwOH�
|Q}PBh=]av= |wQ =yQwDm =i R= s=Om Qy Q}F-=D u}}aD CyH 'xt=O= QO "O}OQo s=Hv=
QO '=yQwDm =i K]U ?=NDv= QO "CU= xOW xO=iDU= Tv=} Q=w R}r=v; VwQ R= 'CvDU=

%CU= xOW ^=Lr Q} R OQ=wt 2 pwOH
|Q=HD CvDU= OQ=Ov=DU= xR=Ov= T=U= Q@ w =yQDt=Q=B Q=Okt u} QDtm 1 K]U "1

&OwW|t u}}aD [25]n =Rn} R
&OW=@|t 3 K]U w 1 K]U u}ov=}t 2 K]U "2

u}= R= QDq=@ Q}O=kt |UOvy ^=Lr R= w xOw@ =yQwDm =i Q=Okt u} QDW}@ 3 K]U "3
"OwW|t Qo}Om} =@ CvDU= |]}Lt |=yxkrL T=tD x@ QHvt O=Oa=

G}=Dv "8
VwQ |HvUCLY "1"8

u=tr= VwQ R= xO=iDU= =@ n =R n} R |Q=HD CvDU= |Q}PBh=]av= [25]`HQt QO
VwQ |HvUCLY CyH 'xar=]t u}= QO "CU= xDiQo Q=Qk |UQQ@ OQwt OwOLt
xOW |L=Q]R=@ �1 pwOH� C=YNWt u=ty =@ n =R n} R CvDU= 'OwOLt u=tr=

CL=Ut Abridges w CvDU= |=yC=QDU= K]U CL=Ut AStruts 'x]@=Q u}= QO
1 pmW QO� OvW=@|t T=tD QO nQ |rN=O K]U =@ xm xOw@ CvDU= |=ypB K]U
T=tD 'CvDU= l@Wt Q=DN=U p}rO x@ "�CU= xOW xO=O V}=tv pB w C=QDU=
w Ow@ Oy=wN CvDU= |=ypB w =yC=QDU= pLt QO =yvD 'nQ |xQ=w}O w CvDU= u}@
uwDU}tQ= "CU= T=tD QO CvDU= |vwQ}@ \}Lt =@ nQ |rN=O |xQ=w}O R= |OYQO
25 O}U= l}Dm q |rB TvH R= lv}r |Drwt CvDU= xm OvO=O u=Wv [27]u=Q=mty w
l}Dm q|rBTvH R= n =Rn} RCvDU= w OYQO 10 ?P=H|t} R}vtCvDU= 'OYQO
x@U=Lt =@ u=wD|t xH}Dv QO "CW=O Ovy=wNT=tDK]UnQ xQ=w}O =@ OYQO24 'O}U=
Qy T=tD K]U CL=Ut 'xOW QmP |=yOYQO p=ta= w nQ |rN=O K]U CL=Ut
[26]%OyO|t u=Wv =Q nQ |rN=O K]U CL=Ut 6 |x]@=Q "OQm x@U=Lt =Q CvDU=
AV essel = �Dvessel L (6)

"CU= nQ Q]k hQat Dvessel w CvDU= |x}rw= pw] Qov=}@ L xm} Qw]x@
K]U CL=Ut u=ty xm nQ |xQ=w}O =@ CvDU= T=tD K]U CL=Ut u}vJty
x@ RmQwO}r=U Ovv=t |L=Q] |=yQ=Ri=sQv R= xO=iDU= =@ u=wD|t =Q CU= CvDU= |HQ=N
Q=Owtv �l}DUq=� |]N CtUk ?}W CvDU= |WtN |DiU "OQm G=QNDU= |DL=Q

[24]"OwW|t G=QNDU= OwOLt u=tr= |R=Ux}@W G}=Dv R= xm CU= =vLv= � Qw=DWo

CvDU= |R=Ux}@W "6
=Q |Qt}rB |=yCvDU= |m}v=mt Q=DiQ u=wD|t OwOLt u=tr= |R=Ux}@W R= xO=iDU= =@
"CU= xOW xO=iDU= Twm =@; Q=Ri=sQv R= |R=Ux}@W CyH 'xr=kt u}= QO "OQm|@=} RQ=
C@Uv 'p=mU=B=ot1554l}DUq=pwOt =@O}U=l}Dm q|rB Qt}rB R= =yCvDU=TvH
OQ=Ov=DU=/Twm =@; QorL R= [25]"CU= p=mU=B=ot 40 s}rUD VvD w 0/45 uwU;wB
u=tr= R=CvDU=|Ov@VtCyH "CU= xOW xO=iDU=CvDU=|Q}PBh=]av= R}r=v;CyH
pqkDU= |UQQ@ R= TB w xOW xO=iDU= (C3D10) xQo 10 =@ swO x@DQt |yHwQ=yJ
CUD R= |DiU |UQQ@CyH "CU= xOW xDiQo Q_v QO 0/1 Q@=Q@Vt xR=Ov= 'xm@W R=
xm OwW|t xO=iDU= CvDU= xDi=} VQDUo w 15VQDUo p@k Cr=L QO |Q}PBh=]av=
Qw=DWoCvDU=hQ] wO x@CUDu}= QO [25]"CU= u=Um}Cr=L wO Qy QO|DiU Q=Okt
CvDU= |=vLv= 7 x]@=Q R=TBU 'OwW sN �|x} w=R xR=Ov= x@ =D OwW|t p=ta=|WtN
=Q �5pmW� OwW|t s}UQD =vLv= � Qw=DWo Q=Owtv xt=O= QO w �4pmW� OwW|t x@U=Lt
|xOvyO u=Wv u; Twmat w|WtN|DiU |xOvyO u=Wv Q=Owtv u}=?}W xm �O}v}@@
QDW}@CvDU=|Q}PBh=]av= 'OW=@ QDtm Q=Owtv?}W xJQy "CU=CvDU=|Q}PBh=]av=
%OwW|t xO=iDU=�CvDU=|=vLv= |x@U=LtCyH [25]7 x]@=Q "CU= QDtm u;|DiUw

� = �
L

(7)

"OW=@|t sN R= p@k 'CvDU= |x}rw= pw] Qov=}@ L xm|Qw]x@

CvDU= |R=Uxv}y@ "7
OOaDt |=yV}=tR; s=Hv= x@ R=}v 'hrDNt |=yxO}OB |UQQ@ w CN=vW |=Q@ u=kkLt
|L=Q] VwQ "OwW|t O=} R Ckw hQY w xv} Ry V}=Ri= Ea=@ Qt= u}= xm OvQ=O
u} QDy@ R= |m} "OwW|t ?wULt C}i}m |UOvyt |=yQ=R@= R= |m} =yV}=tR;
QO "CU= V}=tR; |L=Q] VwQ R= xO=iDU= =yV}=tR; O=OaD Vy=m CyH =yQ=my=Q
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1|
xQ=t

W'
40

|xQ
wO'

�14
03

Q=y@
�h

}QW
l}

v=mt
|U

Ovyt 'lv}r|Drwt |=yCvDU= �6 pmW QO =yQ=Owtv?}W�|WtN|DiU Q}O=kt "3 pwOH
"n =Rn} R w ?P=H

|WtN |DiU CvDU=
(N:mm2)

2/25 ?P=H
0/87 lv}r |Drwt
0/13 n =Rn} R

"0/05 |=vLv= x}w=R =@ |WtN Qw=DWo p=ta= QF= QO VvD `} RwD "7 pmW

QO xOW x�=Q= G}=Dv =@ w p}rLD OwOLtu=tr= VwQ R= xO=iDU= =@ u; |Q}PBh=]av= w
G}=Dv u}@ hqDN= QFm =OL 'OyO|t u=Wv 5 pmW xm Qw]v=ty "O}OQo xU}=kt [25]`HQt
"CU= OYQO 5 OwOL [25]`HQt QO xOW x�=Q= G}=Dv =@ xr=kt u}= QO xDiQ Q=mx@ VwQ
'lv}r |Drwt |=yCvDU= |Q}PBh=]av= CUD R= xOt; CUO@ G}=Dv 6 pmW
xOw@ CvDU= |=vLv= 'Q=Owtv u}= |ki= QwLt "OyO|t u=Wv =Q n =R n} R w ?P=H

"OW=@|t |r=ta= |WtN Qw=DWo |Owta QwLt w O};|t CUO@ 7 x]@=Q R= xm
|]N |x}L=v ?}W R= |WtN |DiU 'OW xO=O K}[wD R}v QDW}B xm Qw]v=ty
'OW=@ QDtm Q=Owtv ?}W xJ Qy w O};|t CUOx@ =vLv= � Qw=DWo |vLvt �l}DUq=�
'6 pmW Q=Owtv x@ xHwD =@ "CU= QDtm u; |DiU w QDW}@ CvDU= |Q}PBh=]av=
CvDU= |=Q@ |Q}PBh=]av= xm CU= XNWt =yQ=Owtv ?}W R= |i}m CQwYx@
ẁ[wt u}= '|DiU OQwt QO xm CU= u} QDtm ?P=H CvDU= |=Q@ w u} QDW}@ n =Ro} R

'?P=H CvDU= xU |WtN |DiU x@U=Lt G}=Dv '3 pwOH QO "CU= TmaQ@ qt=m
"CU= xOW VQ=Ro '6 pmW |=yQ=Owtv ?}W T=U= Q@ n =R n} R w lv}r |Drwt
|=Q=O n =Rn} R CvDU= w u} QDtm |Q=O ?P=H CvDU= xm OyO|t u=Wv 3 pwOH

"OvW=@|t |Q}PBh=]av= u=R}t u} QDW}@
QF= QO n =Rn} R w lv}r |Drwt '?P=H |=yCvDU= QO VvD `} RwD 7 pmW
O=H}= VvD u} QDW}@ 0/05 |=vLv= x} w=R QO "OyO|t u=Wv =Q |WtN Qw=DWo p=ta=
54/23 '56/07 Q@=Q@ ?}DQDx@ n =Rn} R w lv}r |Drwt '?P=H CvDU= QO xOW

"CU= p=mU=B=ot 50/18 w

n} R� xr=kt u}= QO xOW|L=Q] n =Rn} RCvDU= |Q}PBh=]av= |xU}=kt "5 pmW
[25]"�2 n =R n} R� u; x@=Wt |xvwtv =@ �1 n =R

=@ 'n =R n} R w ?P=H 'lv}r |Drwt |=yCvDU= |Q}PBh=]av= |xU}=kt "6 pmW
"|Q}PBh=]av= CUD R= xO=iDU=
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QQ@

"n =R n} R CDU= KQ] wO xU}=kt "9 pmW

R= xO=iDU= =@ n =R n} R CvDU= x}rw= w O}OH KQ] |Q}PBh=]av= xU}=kt "10 pmW
"OwOLt u=tr= VwQ

CvDU= u=wvax@ Ov=wD|t w CU= lv}r |Drwt w ?P=H |=yCvDU= R= QDW}@ u=vJty
"�10 pmW� OwW ?=NDv= q=@ |Q}PBh=]av= =@

Q=Ri=sQv R= |Jwo =D V}=tR; |L=Q] VwQ ltm =@ O}OH KQ] |UQQ@ CyH
=yV}=tR; O=OaDVy=mEa=@ |Jwo =D VwQ R= xO=iDU= "CU= xOW xO=iDU=?D|v}t
|L=Q] V}=tR; 9 "OwW|t 'sm u=tR w xv} Ry hQY =@ xH}Dv u} QDy@ x@ uO}UQ w
Qw=DWo G}=Dv w C=W}=tR; KQ] "Ov=xOW |R=Ux}@W Twm =@; Q=Ri=sQv R= xO=iDU= =@ xOW

"CU= xOW x�=Q= 5 pwOH QO |R=Ux}@W R= pY=L |WtN
Q}F-=D u=R}t u=wD|t Tv=} Q=w p}rLD VwQ R= xO=iDU= =@ V}=tR; |L=Q] R= TB
G}=Dv '6 pwOH QO "OQm u}}aD =Q =yCvDU= |Q}PBh=]av= QO =yQDt=Q=B R= l} Qy
=yQwDm =i |O=R; xHQO 'pwOH u}= QO "CU= xOW VQ=Ro Tv=} Q=w p}rLD R= pY=L

"CU= V}=tR; |L=Q] QO =yv; Kw]U O=OaD R= QDtm OL=w l}
'p=tQv `} RwD =@ Tv=} Q=w p}rLD pwOH QO |UOvy |=yQDt=Q=B Q}F-=D |UQQ@ CyH
Qo = 0/05 Q@=Q@ � Q=O=vat K]U ZQi =@ "OwW|t xO=iDU= p16 � Q=Okt QDt=Q=B R=

\@=wQ� |r}rLD \@=wQ R= xO=iDU= =@ |Qt}rB |=yCvDU= pmW Q}}eD |DiU "4 pwOH
"�4 =D 1

Kd �D F Acontact P CvDU=
(N=mm) (mm) (N) (mm2) (MPa)

5/10 0/40 2/04 49/83 0/041 ?P=H
4/62 0/32 1/48 42/44 0/035 lv}r |Drwt
1/05 0/37 0/39 35/62 0/011 n =R n} R

'lv}r|Drwt |=yCvDU=|WtN|DiU w pmW Q}}eD|DiU u}@ |xU}=kt "8 pmW
"n =Rn} R w ?P=H

\@=wQ R= xO=iDU= =@ =Q |W=B wQi Q=Wi QO CvDU= pmW Q}}eD |DiU 4 pwOH
"OyO|t u=Wv '4 =D 1 |r}rLD

|DiU =@ �3 pwOH� OwOLt u=tr= VwQ R= pY=L |WtN |DiU xU}=kt =@
OwW|t xOy=Wt �4 pwOH� xOW x@U=Lt |r}rLD \@=wQ R= xm CvDU= pmW Q}}eD
u=Wv xm Ovm|t =O}B V}=Ri= CvDU= pmW Q}}eD |DiU '|WtN |DiU V}=Ri= =@ xm
"�8 pmW�CU=CvDU= pmW Q}}eD |DiU w |WtN |DiU u}@ s}kDUt x]@=Q xOvyO

|}=yv KQ] "2"8
CvDU= |m}v=mt X=wN Ow@y@ |=Q@ syt |=yVwQ R= |m} 'CvDU= xv}y@ |L=Q]
|QvwQm jwQa |oDiQo `iQ CyH CU@ Q=O l} u=wvax@ u; R= xO=iDU= C}r@=k w
Ctw=kt V}=Ri= '|L=Q] |=yR=}v u}t=D Qw_vtx@ |Qt}rB |=yCvDU= QO "CU= ?rk
QO =yC=QDU= p=YD= 'CvDU= |L=Q] pw=ODt |=yVwQ QO "CU= |QwQ[ |a=aW
p}rOx@ "OwW|t s=Hv= u=}t QO l} CQwYx@ h}OQ l} QO w |r=wDt |=yxkrL
|rY= xO}= [28]'CvDU= |m}v=mt X=wN QO =yv; p=YD= xwLv w C=QDU= w pB Vkv
x_Lqt xm Qw]v=ty "CiQo pmW C=QDU= w pB p=YD= pLt Q}}eD |va} xr=kt u}=
Ctw=kt Q=Okt u} QDtm w |Q}PBh=]av= u=R}t u} QDW}@ |=Q=O n =Rn} R CvDU= OW
CvDU= u}= 'p}rO u}ty x@ w CU= |Q=HD |Qt}rB |=yCvDU= u}@ QO |a=aW
|a=aW s=mLDU= V}=Ri= CyH 'xar=]t u}= QO "OW ?=NDv= |R=Uxv}y@ Qw_vtx@
=yxkrL |t=tD QO =yC=QDU= u; QO xm OW x�=Q= |O}OH KQ] 'n =Rn} R CvDU=
pmW� OvDU}v pYDt |Oa@ h}OQ QO |rw xOW pYDt syx@ h}OQ l} QO w
EL@ OwOLt u=tr= VwQ R= xO=iDU= =@ xOW x�=Q= O}OH KQ] p}rLD 'xt=O= QO "�9

"OwW|t
R= xO=iDU= =@ n =Rn} R CvDU= x}rw= KQ] w O}OH KQ] |Q}PBh=]av= xU}=kt
|rw xOQm =O}B Vy=m O}OH KQ] |Q}PBh=]av= xm OyO|t u=Wv 'OwOLt u=tr= VwQ
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v=mt
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Ovyt QO ' ẁ[wt u}= C}ty= p}rOx@ "Ovm sy=Qi =Q uwN u=} QH |@=} R=@ CyH R=}v OQwt
?P=H 'lv}r |Drwt |Q=HD |Qt}rB |=yCvDU= |Q}PBh=]av= w |DiU 'xar=]t u}=
u} QDOQ@ Q=mQB w xDW=O CvDU= |m}v=mt X=wN =@ |t}kDUt \=@DQ= xm 'n =Rn} R w
R= w x@U=Lt |r}rLD |=yVwQ R= xO=iDU= =@ 'OvDUy xO=iDU= OQwt |=yxUOvy
|=yCvDU= |m}v=mt X=wN R}r=v; w OwOLt u=tr= |R=Ux}@WCyH Twm =@; Q=Ri=sQv
u=tr= |R=Ux}@W R= pY=L G}=Dv |xU}=kt "CU= xOW xO=iDU= |Q=HD |Qt}rB
wO u}= R= pY=L G}=Dv u}@ |@ wN j@=]D xm OyO|t u=Wv |r}rLD CqO=at w OwOLt
p}rOx@ |Qt}rB |=yCvDU= xm OyO|t u=Wv |r@k C=ar=]t QwQt "OQ=O OwHw VwQ
x@=Wt |Rri |=yCvDU= x@ C@Uv |tm s=mLDU= |=Q=O u}}=B |xD}U}DUq= pwOt
|=yCvDU= xHwD p@=k |=}=Rt Q}=U w QDq=@ |Q}PBh=]av= 'p@=kt QO xD@r= [24]"OvDUy
xO=O Q=Qk =yCvDU= CN=U Qw_vt x@ xHwD uwv=m QO =Q xO=t TvH u}= '|Qt}rB
Vy=m CyH 'OW xQ=W= R}v QDW}B xm Qw]v=ty 'xr=kt u}= QO 'Qw_vt u}ty x@ "CU=
=@ '|Rri CvDU= x@ C@Uv |Qt}rB CvDU= u}}=B s=mLDU= R= |W=v |OQmrta ?}a
s=mLDU= w |Q}PBh=]av= |=Q=O xm xOW x�=Q= |=xUOvy 'CvDU= |xUOvy |R=Uxv}y@
|xUOvy xm CU= xOW xO=O u=Wv R}v [18]u}W}B C=ar=]t QO "CU= pw@k p@=k
|UOvy |=yQDt=Q=B |R=Uxv}y@ =@ w OQ=O u;|m}v=mt X=wN |wQ |O=} R Q}F-=DCvDU=
|=yxvwtv x@ C@Uv =Q |Qt}rB |=yCvDU= s=mLDU= u=wD|t pB w C=QDU= pt=W
|=Q@ xOW x�=Q= O}OH KQ] |Q}PBh=]av= "O}WN@ Ow@y@ |O=} R OwOL =D '|Rri x@=Wt
p}rLD w |Jwo =D V}=tR; |L=Q] VwQ R= xO=iDU= =@ n =Rn} R |xUOvy =@ CvDU=
Ct=N[ Q}}eD x@ C@Uv CvDU= u}= |Q}PBh=]av= xm OW XNWt w s=Hv= Tv=} Q=w
V}=Ri= =Q u; |a=aW s=mLDU= 'CvDU= Ct=N[ V}=Ri= =@ u=wD|t w xOw@v T=UL

"O=O

|Ov@`tH w |Q}oxH}Dv "10
l} 'Tv=} Q=w p}rLD w |Jwo =D V}=tR; |L=Q] VwQ R= xO=iDU= =@ xr=kt u}=
|R=Uxv}y@ CyH QO Ov=wD|t xm Ovm|t x�=Q= =yCvDU= |L=Q] QO O}OH OQm} wQ
Q=Qk xO=iDU= OQwt =yv; |m}v=mt X=wN |UQQ@ w |Q=HD |Qt}rB |=yCvDU= |L=Q]
QO |O=} R |=yO}t= 'xv=Qw;wv |=yKQ] O=H}= w OwOLt u=tr= VwQ R= xO=iDU= "OQ}o
O=H}= =yv; |=yC}OwOLt `iQ w |Rri |=yCvDU= =@ |Qt}rB |=yCvDU= |v} Ro}=H
u}= R= xvwtv l} n =Rn} R CvDU= |=Q@ xr=kt u}= QO xOW x�=Q= O}OH KQ] "CU= xOQm
Ct=N[ Q}}eD x@ |tm C}U=UL w xOw@ sw=kt |L=Q] l} xm CU= xv=Qw;wv OQ=wt
'xHwD p@=k |Q}PBh=]av= Vy=m uwO@ Ct=N[ V}=Ri= =@ u=wD|t xH}Dv QO "OQ=O
xO=iDU= =@ w CU}v Q}Ut u=}=B u}= OvJ Qy "O=O V}=Ri= =Q CvDU= |a=aW s=mLDU=
|L=Q] =@ |Qt}rB |=yCvDU= C}iQ_ R= V}B R= V}@ u=wD|t xv=kqN |=yKQ] R=

"OQm xO=iDU= =yv; |xUOvy |xv}y@

CUO@ |WtN Qw=DWo G}=Dv w |Jwo =D VwQ R= xO=iDU= =@ V}=tR; |L=Q] "5 pwOH
"|R=Ux}@W R= xOt;

Qw=DWo Ct=N[ pB ZQa ZQa
=yV}=tR;|WtN CvDU=

(mm)
C=QDU=

(N:mm) (mm) (mm)

0/179 0/17 0/08 0/1 1
0/264 0/2 0/11 0/1 2
0/306 0/23 0/14 0/1 3
0/239 0/2 0/08 0/13 4
0/379 0/23 0/11 0/13 5
0/492 0/17 0/14 0/13 6
0/297 0/23 0/08 0/16 7
0/471 0/17 0/11 0/16 8
0/548 0/2 0/14 0/16 9

"=yCvDU= |Q}PBh=]av= |=Q@ Tv=} Q=w p}rLD G}=Dv "6 pwOH
Q=Okt Q=Okt u}ov=}t ẁtHt xHQO QwDm =ip=tDL= F C=a@ Qt C=a@ Qt |O=R;

0/044 21/94 0/0307 0/0614 2 C=QDU= ZQa
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8. Bench Testing
9. Cell
10. Strut
11. Bridge
12. Ring
13. Solidworks
14. Poly Lactic Acid
15. Pre-expanded
16. P-Value
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