HEHIR #H R 7
& F OB

ol FLe TH FELEM Ho2 #d

2008 £ 2 A

ST T8 mELBA wmXs R
HERRE 2l
AN A 2l
R — Ep

BN R KB

2008 £ 2 A



Laser Scan Path Generation of DSP control
base for SLS Progress efficiency
Improvement

Hyung-Chan Kim

(Supervised by professor Yang-Hoi Doh)

A thesis submitted in partial fulfillment of the requirement for the
degree of Master of Engineering

2008+ 2-

DEPARTMENT OF ELECTRONICS ENGINEERING
GRADUATE SCHOOL
CHEJU NATIONAL UNIVERSITY



Summary e 00 eesesesesesesesssesesesesesesessssesssssssssssessssssssssssssssssasasasasesssesasasesasesasasserane
k=

a

oV

jpuze]

[e)

A

FAAE A

II.

]

7t o

Fol FAb A
1) SLS 99 34A% A 2w

4. FAE = A o

(e}

=]

AY2

=i}
=

D gAd v AlxEe] 7ja
g

2) "AE v A&

arL

4. gAY v Al 2¥(Digital mirror system)
[e)

2. TAHEE A
5. FAE R ®A

1.

A

0

Ho

Edo] iz

e

}

85

3|
A

el

el E

o}
=

2. FAHE = A B Ao

H]
=0

Ho



2) FA EZ IO E A 38

3. AJEFH O] E] Q] TIHEE e 39
1) Layer Viewere] ZHHE o 39

2) FAAZE A BH O E]Q TIEE e 40

3) 7] FA Y] AJTE A BT O] A e 41

4) gA g m)lg] A|2AE9] FAIAIZE A BH O] A e 42

4. TR AL T] e 44
D 992, Azts 183 928 FAEE A dads oA
/\Elﬁd ............................................................................................................ 44

2) UAE me] AJAES AL3F FA AT 46

V. B 49



Summary

Rapid Prototyping(RP) technology has been applied in many industrial areas
such as modeling shape verification, prototype, application of a metal and a
ceramic part, concurrent engineering, medical devices, and micro machines.
These application areas has been expanded with producing and suppling RP
machines to have newly developed technologies. The laser scanning system
sinters the powder by laser path control, which is one of major components for
development of SLS(Selective Laser Sintering) machine. It is comprised of a
laser source, optics, a scanning mirror, and etc.
Since affecting the precision of whole machine and fabricating speed, this
system needs to be designed with stability and superior fabrication precision
and speed.

The laser part also needs to be set up with minimum influence of
environment and keeps optimal beam diameter and stable state. Optics such as
reflecting mirrors and beam expander needs to be set up properly and aligned
high precisely to control accurate beam path. The scanning mirror to control
laser scanning path needs to be operated with high, uniform and precise speed.
And above mentioned hardware component require each control software

including path generation algorithm.
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Sinter powder Preheating
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laser
@r:e smtermg\/ New Layer BU"t
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powder powder
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4 o C0, Laser Scanning
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| i | 30 Model product

Figure 1. SLS progressing



Optics Part
(reflecting mirror, beam expander, etc.)

Laser Part(CO, laser)

Scanning Mirror P
(scanning mirrors, micro motors, F~ ¢

Figure 2. Construction of SLS

Fig. 2= °l21& SLS &4 vl +A4< Uetlar 233} o] e o)A F-(laser

(scanning mirror part)® AT @ 9]

-{11

part), & E*4-(optics part), =71 7|
AR= SLS AHle) 544 2477 3"9E ey g oldstrE CO2 oA %
2ol Aol vl 71 A ol AE o]&dttt ol T2 HoUAR UstA
o7t 2EH A, MR AFste] stue] Fo] BAHY] WEZolth 3 #o] A 9
o9 2 dolA He] AR wEA A= YAe] A7 Wslkste vt E 3

gel AUE W AFEENE GBS vAA Hh webd 8% do4d Ad
3 BAel AAH gule] AREe] web we] 2 Wl AFe AAHY B

wYHE oA sEdA BXHE olAE 2id vH7A =EEHA sk
UM =HE Aojsta AHste A4S FAgh 59
25 Aojst= WEAM A (reflector) ¥ WS A1 7]+ W 23 (expander) 2
f—0 A=Z o]FoA Q=] #HolAx= & FTo] Asd F o
o A5 7HEAETE obd gk fR| o]l Y AF A oof st
2 mE $E9EEE 7MW 7 WT4S 7 ME (shutter) B W =(lens), &t
A (reflector) 5& A4E Ha7F vk (Park, 2000).

27d e 29 guatdd AHAoR dolAe] AAd ARE Aol

= CO2 #olA wWe

-z
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9ol slojdok kv B3 WFAHS Ak s, 9% @
Aol G @ BEs A okdTE, ole@ A6l g $HHOZ el

oF &= Ho] HolHE AojstE FAE Zolth (Park, 2000).

FAIZS P2 32 Edd IR RH SEtold dHSs AAEATIL o

2A AdE dHoZRY FA (scan point)= T8HTE Sefoldd wHel] dig F
AEE Y dagEL Fig. 3949 #Zo] FARA(scan ray)s TAPEATE &

=

ANAN §F AR wHE Ao FaE Aotk FAAY §F AR
W ALY AE Eol7] fEA Fig. 394 ¢k o] shute] #lo]o(layer) ¢tell &
Aste BE F2 diste] AMAES FAIR sk BRLp(Bounding Rectangle of
Loop)E& AAste] FAAe] o] AAS whA && ZAfdes FZE AUH] o

o FZA AxtsHA Ao (A<, 2005).

bounding rectangle of loop (BRLp)

even layer /[
odd layer — /" ;
; - . i
; : i ] ® :|aser on
| { ;
: ‘ L 7 { o :laser off
| 5 T 1
scan spacing
s PE
: ! ¥ YOS S PR L R P e ) - e |
:/v 1-\5;&»—4}4 oy : A
} o \ bquriding rectangle of layer (BRLr)
scan ray _7‘1””77 ””\ N A A ”W”T””’J

calculated scan point

Figure. 3 Calculated scan points
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Figure 4. Wrong scan paths
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For ( every layer )

Define BRLr

v

For (moving scan ray in defined BRLr )

For ( every loop )

Scan ray intersects
BRLp ?

\ Calculate intersection point \

v VA

__— intersection pointz=  ———

—_— =

e

———_ contourpoint _—

T~

S N\, Y
~—__ safisfyconditons? =
__‘_'_'"—‘——‘——.—\___,_——'—__—H—'_'_ﬂ_

Y

Y
Save intersection point

3

A A

Sort saved points

A A

A A

Dividing left and right region using T, and T,

Figure 7. Flow chart of scanning path generation
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Y

layer No.
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0
0
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Figure 8. Generated scanning path file
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= given

xl’x2’..-xn

= user-dependent input

@ :gradient angle

d  :scan spacing along
X-axis

k  :index (0<=k<=n-1)

b :y-intercept

v e = output
- Scanning path consisted

) g0 NP L y=tanO(x—(n-1)-d)+b of line segment

Figure 9. Calculation of Scanning Points in Arbitrary Section

P : scanhing

oints

-

: scanning
vector from p1
to p2

v=tan @(x—k-d)+ b

V. —V
y="2 l(x—x)+y
.‘\‘-2 _.Tl

Figure 10. Scanning points and scanning vector
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Y=y
y=;§_—xf(x—x1)+y1 ()
y=tanO(x—k-d)+ b (5)

S T X% +y,=tan® - x—tan© - k- d+ b (6)
Xo— X1 Xo— X1

(yo—y) -2 — (¥ +tan® - k- d—b) * (x,—x))

T (yg—v1)—tan® - (x;—x) ,
_ Ay-x;—(y,+tan® - k- d—b) - Ax
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| Initialize scanning mirror |

v

For ( every scanning path )

v

| Position scanner at home position |

v

Send signal to bed controller
to level the new surface and wait

v

For ( each layer of laser 1/2)

Mark (x, y)

Figure 11. Flow chart for laser scan control

5. FAE =29 BA

29 "= Fig. 129} o] nge] FHe=RE 4T 78, & 74 9=
3 olm A S AAAINA Heul A dol AT FAME = HEE 22HY @0

o2 PR guzte] ngol Fasteh

Figure 12. Image field correction
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Figure 14. Process problem by scan delay
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K(bits| mm) = Vx¢ (8)

2 16
"~ Calibration Factor

K = 130( bits / mm) 9)
Fig. 14= ddolel o3 T4 EAHS yepdith oleh 22 FAHL 2719
w7p wpolam Ao g o]Fdty] wEldl 1nfola= ~®le  Calibration
factor m_aoll oA BAHEZ [vjo]azr el dyolz wAslojok 3Fht}
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, t= 2HelE veit. = m_a’t
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22 29 wehn, Ve wg s¥s

400bit/ms 1 BFE o= 59, dolA dalol= 325us7t "tk &, 1vpo]AE &
M8 uae 49 Bee Qeolt 3B/us A F 4+ Ak oA wae Ak
e @ A7tel ojFolAmm the gz WA 4L VA & 9
. wetA Deolo] mAe Az e AF AAE A8 AR FAF
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LaserOn LaserOff
Delay Delay
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Position

Mark
Command Delay 1

Figure 15. Microstep transfer by

scanning mirror
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2+ Egtold LS AT Skl T csli T (*.csli)
aL, ol# gk csli Y-S 7HAAL Helo] v et FAE R A
dugFE Fotel FAEE Aol 3YQl path Y (xpth)Z BFsHA Ak th5
3 e BA4e B csli FYE path FL2 W3} 94 SLICESE:= &
a, AA gl JERts 7 odelo] FHAE AAH Fig. 172 A
S

29 o5 YERAT (Park, 2000).
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L
LU

3D Modeling (

Modeled part

STL File

RapidForm l

/ —)Create Slice Data

Slicing (Csli File)

/

Create Path File

Slice section

Adjust Spacing e l

0 9.4690 42.2500
0 8.6578 417817
0 10.4020 42.5000
0
0

7.9748  41.0987
11,3350 42.7500

Path File

Figure 16. Scan path generation
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class SLICES

.

private
long NumOfLoops:
long «*NumOfSeagments:
float *+*Segments_X, *+Segments_Y:
float *Scan_Points_X, *Scan_Points_Y:
float *Max_X, +Min_X, «Max_¥, *Min_Y:
long MumOfScanFoints:

public
~SLICES(:
SetNumOfLoopsiiong Num):
SetMumOfSegments(long index, long Mum):
SetloopArray()
char+ SaveSegmentxYi{char *buffl:
CalofScanPoints(float t, float dk
CalOfScanPoints_x¥(float t. float d):
float Max(float, float):
float Minifloat, float):
FileCutput_PTH{long, float):
FileQutput_IGS(ong, long +, long +, float:

Figure 17. SLICES class

class point {

public:

float », wi char ¢
public ¢

SetPoint(float, float):
e
class line {
public:

point p1, p2:
public:

SetLine(point, point)
b

point:SetPoint(float ptx, float pty) {
% = piki v = ptys

¥
ling::Setline(point pt1, point pt2) {
pl = ptl:
p2 = ptz:
i
int intersect(line 11, line 12) {
returnffcewd1.p1, 11.p2, 12.p1)
+cewlll.pl, 1.p2, 12.p2)) <=0}
8& ({cewll2.pl, 12.p2, N.p1)
+cowllZ.pl, 12.p2, 11.p2)) <= 0);
¥

int cowlpoint p0, point p1, point p23{
float dx1, dx2, dy1, dy2:
dxl =pl.x —p0s¢ dyl =ply - ply
dx2 = p2.x —p0oe dy?2 = p2.y - pl.y:

if(dx1 + dy2 > dyl = d=x2) return +1;

ifldu 1 « dy2 < dyl » dx2) return -1;

if(0d=1 = d=x2 < 03 || (dy1 = dyZ < 0)) return -1

f0d=1 + d=1 + dyl « dyl) < (d=2 + dw2 + dy2 + dy2)) return +1;
return O

Figure 18. Assistance class define
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SLICES Zd#dl+= 2zt #oloe] MadE /M4E Yeld = NumOfSegments, 9
gy AadE HS 23Y w¥dZ AFAsE Segments_X, Segments_Y, zo]o
ol FAF A2 HAdS AA3= Scan_Points_X, Scan_Points_Y, Z} gl o]l
A vy o) AR E YERd = Max X, Min_X, Max_Y, Min_Y, =71 Z<E
9 AEE YEE NumOfScanPoints, Loopd I4E A 438t NumOfLoops S

MEE AT, $Eeh AawEe] FHA @

1

oft

S T9943E SetNumOfLoops(),

{0

o

SetNumOfSegments(), #|o]o]e] F2XE HAs= SetLoopArray(), A|ZHE Z+S

A e SaveSegmentsXY(), A7 FSE

i

AAsE CalOfScanPoints(),
CalOfScanPoints_XY(), 7t 2 & A23& YeEbl= Max(O¢h Min(), path 3% 2}
SFAE Jds 938 FileOutput_ PTH(), FileOutput_IGS() g2 -4 ¥

SLICES Zd#l~& HZx3l7] 9814 Fig. 18% o] ¥JE wids YehE
point &} el DS YeEE line FU2E A, A9TgFE F &

18 wap AR5 FHstE intersect(), Al & AHE AHsAS AF WIFS

Read csli file and
stare it to buffer Layer Mo

Read layer thickness from buﬁer/

Count the letter .
to get the number of layver
Dynamic allocation of layer

Scan whole buffer one by ory/

huffer+1)=C

,—_
Ve,
'\9\
o
b2
Q
(s
=1
=z
s}

| Store loop No.

N

Cynamic allocation of the loop
number of each layer
using previous loop No.

nﬂgxiijﬂnnnngn TTTTTD

Lo NS

2ABREgSS
ROoRBes

oo wenn

GO0 mD 05

RR = R0 e

— = LR

NN We - L
cooogogo

sfsfelctatagal

55888

]

naric allocation of the segment
number of each loop
by counting the letter ‘P’

!

Saving every point
to allocated memaory

Figure 19. Dynamic allocation to save all points
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For ( every layer )

I

‘ Toggle X direction and Y direction scan ‘

!

‘ (D Find start and end point to scan ‘

!

For ( from start point to end point )

.

For ( every loop )

Scanning ray intersects
hounding rectangle of loop

‘ @ Find and save scan points

L
h 7

v

‘ @ Sort saved points ‘

v

‘ Wirite all scan points to pth file ‘

Figure 20. Path generation flow chart
Fig. 19¢ Fig. 179 Fig. 18& MBS 2 EE FA ek o
9% dehin gk $4 Feteld el EU csli A2 P Wl A
%, wsel A gojolst & Hojole] 1AL ol ett. dolo] WE o] wehA
dolo} ARE WAHsL, FAH #ololsh T ¢ Point AHE EFHIAA A
e S csli BHdo] BY wzbA] whEEE RE csli 92U AR b v o
o A7t
Fig. 202 Fig. 19o14 A E¥ W3 HRE F3to] path L& A= 44
= YEth path LS AAGE7] 918iA Fig. 213 o] RE #olojo] sl

x, y W@Foez v Aqsta AlAxa 24e e, delor X Wk Ad

_,d
oM,
ku
il
of
)
o
fru
DY
O

Ol
rl

1

Ho

Ui
ol

rir

o
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i)
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arEe] 9BAL oFi v Ag MR wHEH=A
fkete] WA Aol WHL FEoe BE Fojoje] vaA w
2 &

e WEA

2N

&ll points in each laver

!

Find Maximum and kinimum
value of ¥ and ¥ coordinates

{

# direction scanning

Start point == minimum of ¥ Start point == minimum of X
End point == maximum of ¥ End point == maximum of ¥

l

Figure 21. Find start and end point scan

For 4 segments of bounding rectangle of loop

Scanning ray intersects
bounding rectangle of loop?

Figure 22. Scanning ray intersects distinction
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forlint i=0:i<NumOfLoops:i++)
{:

InBR = O:
pl SetPaint! y]
pl.SetPoint( )

p2 SetPointihMin_=[il, bMax_~[il1:
p3 SetPointihin_=[il. Min_v [l

10.Setline(p0, p1X
I11.Setline(p2, p3X:
IpBER = intersect(l0, 11X

pZ = p3:

p3.SetPoint(hMax_x[i], Min_%¥[il):
I11.SetLine(p2, p3)

IEBR += intersect(lD, (1

pZ = p3:

p3. SetPoint(hMasx_x[i], Max_¥[ilx
1. Setline(p2, p3)

IBBR += intersect(n, (13

p2 = p3:

p3. SetPoint(hMin_x[il, Max_¥[il):
1T.Setlinelp2, p3n

IpBR += intersectl0, 11

if{lpBR == 0) continue:
h

Figure 23. Distinction example
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Figure 24. Simple scan path
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Table 1. Experiments condition

Figure 34. Fabricate specimens

spot
re(um)/M Scan Layer Laser Scan
size(um)/Ma,
H ) & Speed(m/s) | thickness(um) | power(W) | Space(mm)
nification
0.2
300/x8 7
0.3
500/x5 5 0.3
100 18
0.5
800/%3 2 0.6
0.8
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Figure 35. Tensil test
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1) SLS 49 F3A 2 A2

SLS ¥4 % #H7} A& Fig. 36 A2 Al~dolt), o]g st FAu|E 9]

&3te] AA AAFS AAste] AFER7L daEE 2 AZEg0)E HF e

Figure 36. SLS Solid Freeform Fabrication System
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Figure 37, Schematic diagram of system
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t AEE, A g A% AL, A8 dx BAYNE ) AW

A2FFRo dolA U D AA A2DL AojHI] A% Ay FoE FHY
o (QFA, 2006). 53 FABZ AT Ao dolARE Bt AgH o

(
o] Ao AL HolAS FAZ AFE Al 500x800x500 (mm®, WxDxH) Z7]2] A
AES AZT 5 =S Fo]ARE 35 toluy 23 d=E o] &3}
Sl

of At&% dolARe JFER #HolA oA (laser engine),

4

279 (scanner), ¥ <29 (beam expander), YFAF A< (reflection mirror)

A= eEal= Zulyxn g (Galvano mirror)® TAH thol

Atk wE HolA oA 2AEE HolA Wl AA (I/eH)S 1.8mmx0.2mmo]
22 245 913 #olA Wl 23 A7] (spot size)Ql 0.5mmE A7) Yl FA
HE dolA Wl HAAS H JadygE o] &ste] Tk AT (9, 2006).

3-axis Dynamic focusing x-y Galvano
lens mirror

Reflection mirrors

Beam expender Target surface

Figure 38. Schematic diagram of laser part

_35_



2) B4 W%

CO, #olAel shae 106um= @4 22 4ol Ags= Eeln (polymen)
YRR CC EE CO AFeE o)Fold gov, Y dold ol
1oumA Q) 39 gl FAsA S SgUTk ol HPe I E

Zofr)= 3

o
lnf
lo

>«
i)
o
o
il
2
N
X
w
s
wn
.
wn
ol
ox,
tjo
do
=(l)l=
@
>
)
=)
e/
tlo
o
ofo

a1, Fig. 39 A& Aze §3+ SLS

AL Fal 95% ol A E$7]

Anj
lo
Yy
ol
B=)
Q
Qe
)
o
2
i)
lo,
N
=
il
&
87
ol
o
£
au)
ol
lo
julss
lo,
ofk
ox
o
N
N
ol

o
)
4,

rir
>
re
=
=
:OL_',
[
it
(&
&
it
o
i
o
tlo
rII.
e
&
0—21—'4
ol
&
Sui

>
2
e
)
&
Ho
nj
(il
—_
&)
(e}
(@)
o
—
a1
(—
kg
—_
(@)}
1
a
=
>
N
A
w
(@)
ol
N
=
oft
2
ol
ol
el
£
e
=
o

-

Build & feed stage | Preheating | Seclective laser sintering

home positioning I

Build stage down
& feed stage up

Roller feeding

No

Stl file loding
& laser ready

.

Communication with
Surface flatting laser control part

L |

Jab finish

Figure 39. Block diagram of sintering process

_36_



Table 2. Specification of polyamide powder

Density particle size Melting point
(g/cm”) average (pm) ()
value 0.59 58 184

Table 3. Test condition of sintering variables

Variables coggis‘tzon Results
Temperature (°C) 150~165 155~160
Scan speed (m/s) 1~10 3.5~10
Scan space (mm) 0.1~0.5 0.3~0.5

Laser power (Watts) 10~20 12~18
Layer thickness (mm) 100~150 100

Figure 40. Fabricated specimens

from variable test
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Figure 49. Model of digital mirror system

Table 6. Digital mirror system application process experiment data

DMS application DMS application
Basic algorithm (Scan speed (Scan speed
fixing) variableness)
g ine( . 0.3(0.3) 0.3(0.3)
acing (spo
Pacingts 0.3(0.5) 0.3(0.6) 0.3(0.6)
size)
0.6(0.8) 0.6(0.8)
6m/s
Speed 5m/s 5m/s 5m/s
4m/s
‘;rocessmg 390198ms 211881 ms 189063m/s
ime
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Figure 53. The model manufature that used path generation that took

time into consideration
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Figure 54. The model manufacture used Solid

freeform fabrication system

Figure 55. Digital mirror system

joint problems
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