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Prediction of Curl Distortion using Classical Lamination Theory
in Stereolithography

Gi Dae Kim* and Jae Kon Lee *

ABSTRACT

A curl distortion induced by shrinkage during stereolithography polymerization process is analyzed with the
classical lamination theory. Test parts of different layer thickness and part thickness are manufactured and their
deformations are measured with CMM. Curl distortion is generated by the differential shrinkage of the layers, where the
total shrinkage includes the shrinkages due to solidification and the change of temperature. It is shown that the curl
distortion increases exponentially with decreasing the total thickness of the part, whose smaller layer thickness induces
larger curl distortion. 1t is verified that only a part of the total shrinkage plays a role in generating the curl distortion.

Key Words : Curl distortion (37 & ¥ &), Stereolithography (%% &), Classical Lamination Theory (I3 % Z 0] &),
S ), Solidification shrinkage(-& 1L9~%)

Layer thickness(
7|s4Y : {s”}k = nonelastic strain vector (strain vector due to
shrinkage)

{0'},‘ s {s}k = stress and strain vector in plane stress {so} = strain of the middle surface
[5 l = reduced stiffness in plane stress {,(-} = curvature vector
u, v, w= displacements in x, y, z directions, respectively { 1, m} = force and moment vectors per unit length
Uy, Vo, W, = displacements of the middle surface in x, y, z {A} ) {B}, {C } = extensional stiffness, coupling stiffness,

directions, respectively. and bending stiffness, respectively
{5’},‘ = total strain vector & = the amount of curl distortion

{6"}, = elastic strain vector p = radius of curvature
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AAFS AR A dE5FH FATE T} Narahara 5 2 & #o|A FA 2L &3 o] 5
(concurrent engineering)®] A& g ST & U %2 7A3E £X9 &% AFd o3 AYL =
Al7171 Y8l HE&ZY(RP, Rapid Prototyping) 71& gL, Park 502 HW AR A4S 58 98 7}
o] giFHAN. ALEZEY Vl=old 3 Y 2UFY A FxY FRET 23 FAURd v
dele 278 Mxe FrpHe 24 glo] 1T S 9o 2 gAY 348 242 v F2Y

dlolg Mgez vAgd FA A5 2 A
‘%l‘?ia doldl #, 611"’*6}% gHE vA FAZ

EHog HF caAH e A
0}0:1 TIHLE 3 ZH_ 249 43 59 I
o AAEE AAse Ve DI} 1987 1 3D
system kel o3} Hx=Z Jigd 2R3 "’4‘.’74]
T (resin)®] 8} (solidification) 474& o] &=
F 33 (SLA, Stereo-Lithography Apparatus)y& H} &3}
o} 1991 '3 Stratasys it7} 7i2g A E e
ABS 4X|(Acrylonitrile Butadiene Styrene copolymer)
o &% %2 &1 HAHAEL o] LAHFED
(FDM, Fused Deposition Modeling) 71&, 1992
DTM jitelAd A & < 35 €8
gdolAz AAAA AFste d=9H dolA &F
(SLS, Selective Laser Sintering) 71%, 1991
Helyisys fitellA /st Fo] AEE AME3ste] A
gH)7F A ¥@e Ze-AE(LOM, Laminated Object
Manufacturing) 7€ 5 ALY 7ol =94
2] 20 do| A <t FATA vhFe wAo] ATl
5]9&15’—, AFE MRS BAe] A&Ho 7 sty

I Ak

o8 7k H&ExY o
2o 2 A AAHE 'H“- AE=7t 718 5o
voa %‘Eﬂxﬂl 319—“1, 3]5'&& Mg g o] HA

&
T AE °%Jf& ”Jél°l7]°ﬂ E‘ilﬂ AAAR R 7}
F de olgHI vk ey NA e 3
7 RAER ANE g wE s
(solidification shrinkage)c] 23t %2 W3l
wel d4F(thermal shrinkage)o] LAY, o]
e IE& H¥(curl distortion)o] A= dHE
AWz Jok! AAFY AF £EFL VY +F
& FAse db A¥e AA Eé?’fﬂ FoEXH
5“@% F AR G HEA] dHET FEEY
zol2 W3 TE FH 3k FY 2.4
e nge s o dolk.

A T3] ¢ 373 8

/\1515_
bl

= ¢ik-3-(photo

21

T B ALEY WY Az A g
Zh(repeatability error)7t 7] o]l AA A2} A
518 23 Z=dprtis= O'LB_As}]Ai(FEM) r=

2o o3 A AF7F Bol FIFHUG S

1% Z0]Z(Classsical lamination theory)©] &

F2 SgARY 54 FHs] A% ojEe=
oY ge F& Zf‘&ﬁ AF 54 70“*4
A= Ad5E 93 F2 AHEHAR A 5 ° 2
%"—‘}Z—']Z'E%l(FDM) Hog AFd A&y A
B9 AEE AdFse tﬂ olHF UHIRAE
X—'!%f‘& Hh ot £ dA7dd e ndHFTolRS
B2y s THHS HEe] 7 HF @
of €45 Bdse $25F R 55
g W¥e uAE 9% WHe 2 ?isé%k—% o

%

ssgit £ %

F7(layer thickness) =

(number of layer)?] F7lol] WE AHZHE 9 -r”ﬂ A
FE WA ATPEA AIHE AZFstn 7t AW
dAstE HE AEE 5439 A A v
NEoZH F3 o % Al ByE e AA £5E F
& ¥9¥ e FRAE FFEY HAEE F43)
pea=

2. AMHFO[EE o Bt FBLH o F

Fig. 1 ol Yepd vpel Zo] AHF S|l
Zt7k9] Z(lamina)e HH S F(plane stress)YEHZ
et FA B e AL £ Ao &
HA Fo dig $¥3} Wy E IAE deH4 &

o
=[olte) 1

o714, [@]—‘E 34t 7323 3 E(reduced stiffiness)
ot}

AHHFol 8o WEH, Fig. | I 2] A5

o] 7latetd F4H(middle surface)SZHE HF

W Fhor 2 wEY A le AHAA

9] x,y Rz W HAE 4 )9 Zol EEH



EEBUEENE S8

13st3] ] A28 A 113

Deformed
Cross section

Undeformed
cross section

Fig. 1 Geometry of deformation in xz plane
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Fig. 2 Relationship between curvature and curl distortion
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Ao ALEE H&EZ2E s 3D systems Jit
o] Fx3d el SLA-5000 o]5, FAMS D A}
28 FA9 £4-8& Table 1 o Jeldd. +&
E(shrink factor)yS R A7) ¢35l Aglrvx E
2] "il(Christmas tree method)' & A A|3tH T} 3D
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Table 1 Experimental conditions

SLAS000
Type (3D systems)
T Iy
speed 223.3 in/sec
Layer thickness 0.1mm, 0.15mm
Material Somos 11120
170~189x 10°%/°C
Resin e")[(‘gzll'.lr;?)ll'l (SOhd) 0
coefficient 90~?E:(qull(c)l) rc
(Total) Shrinkage 8%?22 Eég
_—N H_ 1.0"
02" %
| ”¥ ¥ »l
047 H2.077)
]
Y3 30
0.8" 4.0"
1.0" 10"

;
LAC 1)

Fig. 3 CHRISTMAS-TREE™ diagnostic test part
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Fig. 4 Shape of experimental test part
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(a) Before supports are eliminated

(b) After supports are eliminated
Fig. 5 Distortion of test part
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Fig. 6 Curl distortion of test parts according to part
thickness (Layer thickness=0.1mm)
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Fig. 7 Simulation results of the relationship between
radius of curvature and thickness of the parts
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Fig. 8 CMM measurement results of deformed parts
(Layer thickness=0.15mm)
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Fig.9 Simulation and experimental results of the
relationship between the curl distortion and the
thickness of parts
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