






















































































































































































































































































































































































































































































© Central University of Technology, Free State



Central University of
Technology, Free State

APPENDIX A

TK SOLVER METHODS CREATED
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The following models were created in TK Solver to assist in the build time estimation

process, as well as the quoting process of a part to be built on the SLA machine.

A.1 TK Solver Model: square.tkw

This model assists in calculating the average cross-section of a square shape for a given
height. Input variables consist of the width of one of the sides. The output variable
represents the average cross-sectional area of this shape per layer. The basic screen layout,

with the formulas used in this model, is illustrated in Figure A.1.

£2 TK Solver - square

?J;.lrahfes; :_-Ji]?omments: _:j '
e T LT A e L A IR S A A L

AN 3
[stalmpt  [Neme  [Outpwt  [Unt  [Commemt 2
average area |25 cm2 avearage area per layer

5 b cm length of one side o

el N
average area="b"2

Figure A.1 Basic screen layout of the square.tkw model
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A.2 TK Solver Model: rectangle.tkw

This model assists in calculating the average cross-section of a rectangular prism for a given
height. Input variables consist of the length and width of the sides. The output variable
represents the average cross-sectional area of this shape per layer. The basic screen layout,

with the formulas used in this model, is illustrated in Figure A.2.

SR TK Solver - rectangle

s

_|Unit | Comment IR
cm™2 avearage area per layer
5 b cm length of one side
RS TR DRGNS

T e
* | average area=b*d

Figure A.2 Basic screen layout of the rectangle.tkw model
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A.3 TK Solver Model: cylinder.tkw

This model assists in calculating the average cross-section of a cylindrical shape for a given
height. The input variable consists of the radius of the cylinder. The output variable
represents the average cross-sectional area of this shape per layer. The basic screen layout,

with the formulas used in this model, is illustrated in Figure A.3.

3.14159265 | c™2 avearage area per layer

Figure A.3 basic screen layout of the cylinder.tkw model
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A.4 TK Solver Model: tri_area.tkw

This model assists in calculating the average cross-section of a triangular prism for a given
height with the triangle in the position as shown in Figure A.4. Input variables consist of the
height of the shape, length of the base and height of the triangle. Output variables such as

the average cross-sectional area for the total height of the part can be obtained. The basic

~ Central University of

Technology, Free State

screen layout, with the formulas used in this model, is illustrated in Figure A.5.

1

Z- AXIS

Figure A.4 Preferred direction of the triangular prism

S llpt | Mame | Cupit | Umib nent. il Comment.
h | 107333333 Layers in Z direction | Format:
16.1 H cm Height of triangle | Display Unit:
{ S 542109721 Sl lation Tait 5 v e el ﬂ:!
‘ 11.607 B em Base of triangle = V‘al@ e —
£ ;?:;;ig: hn 488 701560559006
y = 2 484 105621118012
average 248937204 | em"2 Average area 13 479.5096816717019
. 425 11 cm Witdh of triangle By A74913742336025
: .‘ ’ . . T 2 ..n-;n 2AAANTAENT 1 ;
: Input Variables. rhB,l E - z
r»..i—..- Voriahlne: e __f:’ SE| Rule; o5 = : -
4 »
: ; * | call blank (%)
| St | Statement ﬂ *¥ |h=H/0.15
] forj=1toh-1 T and@) <H B
B=(®-n *ltnd®y =154 T &
y=B*l * | call mk2(rh B, Ly)
=] = y * | average = (sum(x) + |*¥B) /h
next | * | call beep)
=l

Figure A.S5 Basic screen layout of the tri_area.tkw model
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A.5 TK Solver Model: cone_area.tkw

This model assists in calculating the average cross-section of a cone shape for a given height.

Input variables consist of the height of the shape and the base radius of the cone. Output

variables such as the average cross-sectional area for the total height of this shape per layer

can be obtained. The basic screen layout, with the formulas used in this model, is illustrated

in Figure A.6.

Tieia ] Guips Comment omment;
h 300 Layers in Z direction *| Format:
45 H cm Height of cone | Display Unit:
2 86.1859252 D N e of
3 R cm Base raduis of cone '[f Element. 'V:ii_lle':l P B
,,,, r 01 1 28.0861524823581 =
y 000314159 |2 27.8985994009388
average 9.47195421 | em"2 | Average area i3 27.7116746380502
14 27.5253781936924 #
f 1E57 o . K
Input Variables: rhR S RaetiE e =
T R p .'IJ * | call blank (x)
e ~: i‘ * h=H/015 |
[forj=1toh-1 S |d@=w/R
e * [ fand(®) = 15 /r
y=pi0* B3 | * | call mk2(r,hRy)
%(jl=y * | average = (sum(®) + piQ*R"2) /h
ey * | call beep(

Figure A.6 Basic screen layout of the cone area.tkw model
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A.6 TK Solver Model: sphere_area.tkw
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This model assists in calculating the average cross-sectional area of a sphere. Input variables

consist of the radius of the shape. Output variables such as the average cross-sectional area

of this shape per layer can be obtained. The basic screen layout, with the formulas used in

this model, is illustrated in Figure A.7.

¢ 297173283 w
11.2 g cm raduis of sphere 2
11.199 h o |
layer 74.66 Layers in Z direction * - TR
area 6.93600512 o 394.009751012209
average 520.148179 | em™2 | Average area B 202 7106751020206
; 3 393.442379378971
M‘ ENE = < kS ; £ % % 5 > e _’4—_—%' .ii__j = nan o-f.."”«,"lr?"n_,- 1 ;
# PROCED X ay ; =
Comment: 2 W
Parameter Variables: - ’_‘
Input Variables: layerh,s Sis call semi(layerh,r;c)
[l -~

Teminhlan:

7

for j =1 |:.0 layer

h=h-0.15

c=2 *sqrt(r"2 - (h-r)*2)

Hil=c

next )

call arae(layer;area)

" | sverige = @ ¥sumCaren))/layer

call beep()

Figure A.7 basic screen layout of the model sphere _area.tkw
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A.7 TK Solver Model: semi_sphere_area.tkw

This model assists in calculating the average cross-sectional area of a semi-sphere. Input
variables consist of the height of the shape and the base radius. Output variables such as the
average cross-sectional area of this shape per layer can be obtained. The basic screen layout,

with the formulas used in this model, is illustrated in Figure A.8.

3§ >
Salwpt  [Wame [Oupt Ut [Commen R Rl 5 3
c 3.9673114 =1 * | call blank (') 1
132 r cm Raduis of semi sphere * | call blank ('arez) B
13,1999 h Layers in Z direction * | layer=h/15
layer 87.9993333 * | call semilayerh,r;c)
area 12.3618215 * | call arae(layer;area)
average | 361.804086 | cm"2 | Average area * | average = sum(‘area)/layer
| * | call beep0) 1
g 3

;:;nnmaf“‘ S - " Parameter Variables: i, |
. Parameter Variables: f Aoy -
Display Unit: Input Variables: layerhr 2 ?:P‘f *v?:w ,:15,;,.. :}:ﬂr &,
ﬁ'&:."l""‘j'?’.:'f'.‘""“' .‘.’J:J _-n “+ 1!:,\.--.‘,-.3-.»,,‘i . & : - le ‘ B et A :_r'
‘Element | Value ‘ﬂ St| Staternent SR . 8t fij=1to gy.er -
1 547.320323847584 next§ W
2 547.108172095687 i )
3 546.754648674379 _J 'area[.1]=area
4 546.259753583659 next |
SR —— )

Figure A.8 Basic screen layout of the model semi_sphere_area.tkw
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A.8 TK Solver Model: disk.tkw

This model assists in calculating the average cross-section of a disk for a given diameter with
the disk in the position as shown if Figure A.9. Input variables consist of the diameter of the
shape and the width of the disk. Output variables such as the average cross-sectional area for

the total height of the part can be obtained. The basic screen layout, with the formulas used

in this model, is illustrated in Figure A.10.

Z - axis

Figure A.9 Orientation of the disk geometry

iy PROCEDURE: base

e e B T e e e I L e [ i e
| w cm width of disk n * | call blank ('5)
| area 3.7700245 calculation value ":-: * | call blank('area)
| average | 5.87761838 | cm"2 | average area of a disk ,}i * | H/0.15 = layer
1 i * | call base(layer,n,H base)
f "1 * | call area(layer,w,area)
i * | average = 2*(sum('area) / layer)
|
=|] ]

Figure A.10 Basic screen layout of the model disk.tkw
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Comment: 21 Comment:
Parameter Variables: ~|| Parameter Variables:
Input Variables: layer,n,H Ml Input Variables: layer,w
otk TTaminhlae LT Motk 1Faeinhlae. Aran
St | Statement <} st | Statement
for j =1 to layer -4 for j=1to layer
| _|h=h-015 W‘area“—"x[]]*w
base =2 * sqrt(H"2-h"2) | ‘area[)] = area
'%(j] = base | next 5y
) next j B i
L] iy M ,
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A.9 TK Solver Model: total_supp_time_SL5170.tkw

This model assists in the build time calculation for a support structure built with the Ciba-
Geigy SL 5170 resin. Input variables such as Pl, Wo, Ec, Cd, Dp, height of part and distance
to scan are needed. Output variables such as Vs and the total scan time for a given support

can be obtained from this model. The basic screen layout, with the formulas used in this

model, is illustrated in Figure A.11.

x 2P it B (e i
31722849 : Scan Speed per centimeter
: 35 Pl mw Laser Power
fl .01 Wo cm Raduis of laser beam
i 135 Ee mJ/em™2 Critical exposure
9 Cd cm Cure depth
' 4.8 Dp cm Penetration depth
ii z 68.3333333 Total layers in z direction
10.25 H mm Height of support
distance | 278.32 length to be scanned per layer os support file
27832 |s cm
Tsupp 87734869 | sec scantime per layer of support structure
: Tsupp_tot | 364855494 | sec Total scan time of suppert for a given height
:5&: ule : i & Al f,,w e T
P+ vs= (2/p10)"0.5 *(P1 /(Wo * Ec ))* ( EXP (-Cd/Dp))
| * | z=H/15
{* | distance =5
* | Tsupp=s5/Vs
* | Tsupp_tot = (Tsupp +44.62)*z
* | tsuppa=Tsupp *z

Figure A.11 Basic screen layout of the total_supp_time_SL5170.tkw model
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A.10 TK Solver Model: total_build_time_SL5170.tkw

This model assists in the build time calculation for a part built with the Ciba-Geigy SL5170
resin. Input variables such as Pl, Wo, Ec, Cd, Dp, hs, height of the part and the average
cross-sectional area of part are needed. Output variables such as the total scan time for a
certain part can be obtained from this model. The basic screen layout, with the formulas

used in this model, is illustrated in Figure A.12.

31.722849 Scan Speed per centimeter C
Hatch spacing y
Laser Power
Raduis of laser beam
13.5 Ec mlferm™2 Critical exposure
9 Cd cm Cure depth
“Tas Dp crn Penetration depth
td 11.1150168 | sec Scan time per layer (single pass)
3526 A cm™2 Cross sectional area
16.5 H mm Height of part
z 110 mm Total layers in z direction
re_coat | 65296 sec
TOT tp | 2445.3037 | sec Total scan time
TOT t 8974.9037 | sec Total build time for part =

L e =101 %
Vs= (2/piQ)"0.5 *( Pl /( Wo * Ec ))* ( EXP ( -Cd/Dp))
td=A/(hs * Vs)

TOT tp=(td*2) *z

TOT t=(td*2+59.36) * z

l%l [ i ! A . I:_:I

Figure A.12 basic screen layout of the total_build_time_SL5170.tkw model
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A.11 TK Solver Model: total_supp_time_9110.tkw

This model assists in the build time calculation for a support structure built with the Somos
9110 resin. Input variables such as Pl, Wo, Ec, Cd, Dp, height of part and distance to scan
are needed. Output variables such as Vs and the total scan time for a given support can be
obtained from this model. The basic screen layout, with the formulas used in this model, is

illustrated in Figure A.13.

. S e %
Vs 54.7706938 | cmfsec Scan Speed per centimeter
31 Pl mw Laser Power
.01 Wo cm Raduis of laser beam
g8 Ec ml/em2 | Critical exposure
9 cd cm Cure depth
5.2 Dp cm Penetration depth
§ z 683333333 Total layers in z direction
10.25 H mm Height of support
i distance | 4364 length to be scanned per layer os support file
1 14364 |s cm
| Tsupp 7.96776469 | sec scantime per layer of support structure
: Tsupp_tot | 3593.49725 | sec Total scan time of support for a given height -
R — SR — . ——
* | Vs= (2/piQ))"0.5 *¥( Pl /(Wo * Ec ))* ( EXP ( -Cd/Dp))
* | z=H/15
* | distance=s
* | Tsupp=s/Vs o _ N
* | Tsupp_tot = (Tsupp + 44.62)*z
"'l‘ | tsuppa="Tsupp * z _ |

s

Figure A.13 Basic screen layout of the total_supp_time 9110.tkw model
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A.12 TK Solver Model: total_build_time_9110.tkw

This model assists in the build time calculation for a part built with the Somos 9110 resin.
Input variables such as Pl, Wo, Ec, Cd, Dp, hs, height of the part and the average cross-
sectional area of part are needed. Output variables such as the total scan time for a certain
part can be obtained from this model. The basic screen layout, with the formulas used in this

model, is illustrated in Figure A.14.

Output | Unit Ve
26.1004039
cm Hatch spacing 2
mW Laser Power
cm Raduis of laser beam
ml/em”2 Critical exposure
Cure depth
Penetration depth
20.0073532 | sec Scan time per layer (single pass)
5.222 A cm™2 Cross sectional area
TOT t 31478.2357 | sec Total scan time for part
Z 786.666667 Total layers in z direction
_ 118 H mm Height of part !
jlel : =7
e BT e R e e T e e s T s D ﬂ
! * | Vs= (2/piQ)"0.5 *( Pl /( Wo * Ec ))* ( EXP (-Cd/Dp)) |
I * [td=A/(hs * Vs) |
* | TOT t=((td)*2)*z
* | z=H/15
1* | Re coat=5936%z o

Figure A.14 Basic screen layout of the total build time 9110.tkw model
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A.13 TK Solver Model: final_cost.tkw

This model assists in the quotation process.

" Central University of
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As input variables, the cost for the pre

processing and post processing processes are included. Also included are the building,

maintenance and material costs. The profit margin can also be included in this model.

Output variables such as the final price to quote the customer can be obtained from this

model. The basic screen layout of this model is illustrated in Figure A.15.

pre_pro 15 R Pre procesing operation
; 3 pre_pro_time hours Pre processing time
50 pre_pro_hourly_rate R/hour Pre processing hourly rate
post_pro 35 R Post processing operation
o] post_pro_time hours Post processing time
70 post_pro_hourly rate R/hour Post processing hourly rate
build_cost 1300 R Cost of building the model
6.5 build_time hour Time estimated to build the model
200 build_hourly_rate R/ hour Build time hourly rate
mat_cost 2338 R Cost of material used during build process
res_cost 2328 R Cost of resin used
10 cons E Cost of consumables used during the whole process
1552 volume mm™3 Total volume of part/s to be built
1.5 cost_per v R/mm"3 Cost of resin per volume
mainte_cost 80 R Maintenance cost
30 m_c Cost of maintenance's constant for calculation
T part 3768 R All inclusive cost to build a certain part
Quote_price 4333.2 R Price to quote client
15 | profit Y Profit margin a
ety

Figure A.15 Basic screen layout of the final cost.tkw model
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APPENDIX B

VOLUMETRIC MODEL REPRESENTATION OF THE CASE

STUDIES
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The following shows how the parts of the platforms used in the case studies (section 9.3

pl11), were represented by different volumetric shapes. These volumetric shapes were used

to calculate the estimated build times of the platforms.

B.1 Volumetric Representation of Platform cl06

Figure B.1 shows how volumetric models were used to represent the parts (prod32 13 _sept
and prod31_13_sept), of platform cl06. These shapes were used in the build time calculation

process of the 2D-build time estimator.

PROD32_13_SEPT PROD3M_13_SEPT

5 OFF

Figure B.1 Volumetric representation of platform cl06

An approximate area of 2652 mm” needed support. For the calculation processes the scan

distance of two 50 x 50 mm support structure were used (scan distance per layer: 158.08 cm).
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B.2 Volumetric Representation of Platform df01

Figure B.2 and B.3 show how volumetric models were used to represent the parts (freel,
free2, free3, free 4 and free5), of platform df01. These shapes were used in the build time
calculation process of the 2D-build time estimator. A total scan distance of 1083.12 cm per

layer was used for the calculation of the support build time.

J.SI
it
i
.o
T 2
i

freel

SDIE

Figure B.2 Volumetric representation of parts freel, free2 and free3 of platform df01
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n Sl
-~ !
o ‘)& [y
wn
N L
(37 \”9“
LY
™
o~ N

Figure B.3 Volumetric representation of parts free4 and free5 of platform dfo1
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B.3 Volumetric Representation of Platform df02

Figure B.4, B.5 and B.6 show how volumetric models were used to represent the parts (freel,
free2, free3, freed, free5, free6, free7 and free8), of platform df02. These shapes were used
in the build time calculation process of the 2D-build time estimator. A total scan distance of

1295.2 em per layer was used for the calculation of the support build time.

freel
91 bh
\Dj; ‘3:#; ] H dalt
T i \’t\ "' !
free 2
«m SO wwE psn o
% 2‘ ; 'E‘

1%
1836

3608
>
=

Figure B.4 Volumetric representation of parts freel, free2 and free3 of platform df02
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free 7

Figure B.5 Volumetric representation of parts free4, free5, free7 and free8
of platform df02
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free &

o

149

10y
i

Figure B.6 Volumetric representation of part free6 of platform df02
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B.4 Volumetric Representation of Platform dg03

Figure B.7 shows how volumetric models were used to represent the parts (psitek, spice and
miss care), of platform dg03. These shapes were used in the build time calculation process
of the 2D-build time estimator. A total scan distance of 450.43 cm per layer was used for the

calculation of the support build time.

psitek {2 off) spice
3] "_{g’;
g T ®33 i ) 4
-3 -~ P
rd

@ a5y

118

miss Care

5
@ 60

Figure B.7 Volumetric representation of platform dg03
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B.5 Volumetric Representation of Platform dg04
Figure B.8 shows how volumetric models were used to represent the parts (tcmdiel07a and

temdiel06a), of platform dg04. These shapes were used in the build time calculation process

of the 2D-build time estimator.

temdiel07a

temdie106a

Figure B.8 Volumetric representation of platform dg04

An approximate area of 693 mm” needed support. For the calculation processes the scan
distance of a 20 x 20 mm and three 10 x 10-mm support structures are used (scan distance

per layer: 36.32 cm).
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B.6 Volumetric Representation of Platform slatestl

Figure B.9 shows how volumetric models were used to represent the part (slatestl), of
platform slatestl. These shapes were used in the build time calculation process of the 2D-
build time estimator. A total scan distance of 327.96 cm per layer was used for the

calculation of the support build time.

slatest1 .stl

L
o

Figure B.9 Volumetric representation of platform slatest]
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B.7 Volumetric Representation of Platform dk09

Figure B.10 and B.11 show how volumetric models were used to represent the parts (flutterl,
flutter2, flutter3, flutter4, flutterS, flutter6, flutter7 and flutter8), of platform dk09. These
shapes were used in the build time calculation process of the 2D-build time estimator. A

total scan distance of 617.7 cm per layer was used for the calculation of the support build

time.

flutter1 and 3

16 offeach shape

flutter2

3 offeach shape

Figure B.10 Volumetric representation of parts flutterl, flutter2, flutter3 and flutter4

of platform dk09
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flutter7

D338 %

B33

Figure B.11 Volumetric representation of parts flutter5, flutter6, flutter7 and flutter8

of platform dk09
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B.8 Volumetric Representation of Platform dki2

Figure B.12 shows how volumetric models were used to represent the part (pl), of platform
dk12. These shapes were used in the build time calculation process of the 2D-build time
estimator. A total scan distance of 431 cm per layer was used for the calculation of the

support build time.

pi

Figure B.12 Volumetric representation of platform dk12
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B.9 Volumetric Representation of Platform dk13

Figure B.13 shows how volumetric models were used to represent the parts (sterlitl, sterlit2
and gum), of platform dk13. These shapes were used in the build time calculation process of
the 2D-build time estimator. A total scan distance of 410 cm per layer was used for the

calculation of the support build time.

sterlit 1 and 2

Bl

5
25 I
o}
i
258

gum
e i
o %
oy
Lvl
o Bizsa © D 1269
201 . // _
B12s Pat i
vort e
H};‘-\.{/\ @’milgl??
- ©
201
@128
ok
Hg Lot
\\h\ a

Figure B.13 Volumetric representation of platform dk13
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LIST OF ABBREVIATIONS AND ACRONYMS

2D Two-dimensional

3D Three-dimensional

ACES Accurate clear epoxy solid

CAD Computer aided design

CAM Computer aided manufacturing
CAE Computer aided engineering
Laser Light amplification by stimulated emission of radiation
RMS Root-mean-square

RP Rapid Prototyping

RTV Room temperature vulcanizing
STL Stereolithography file format
SLA Stereolithography process

SLS Selective laser sintering

TEM Transverse electromagnetic mode
Uv Ultra violet light
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