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Abstract

This report describes an integrated approach to sculptured surface design and manufacture,

and a software package for it on a multi-axis NC milling machine. The integrated software consists

of four parts :

(1) surface fitting procedure for generating the characteristic polyhedron from

3 dimensional CMM data, (2) surface description for generating the mathematical representation

of sculptured surfaces, (3) tool path generation for approximating the surface representation

into a sequence of linear cutter paths, and (4) tool control for generating the corresponding

joint variable values, This integrated approach is generally applicable to sculptured surface manu-

facturing where multi-axis milling machines are necessary to produce smooth three-dimensional

surfaces.
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2-1. B-Spline Surface Representation
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2-3. Tangent, Normal Vectors and Cur-

vature
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where V.{=V;—Vi-1;

for i=1..2,->*,m and j=0,1,-*,n

Pu(u,w)=E EVi/ Now() Nixsw) - (2.6)

where V,,) =V, — Vi

for i=0,1,*sm and j=1,2,,n

Surface°i| t & unit normal vectori= surface’d-2}

A Plu,w)ell4 ¥ tangent vector P,(u,w)2}

Pw(u.w)-'] vector cross product2 A ©}-&-3 el
A2},

NCww) = P.(u, w) X Pylu,w) (2.7

| P,(u, w) X Pulu,w) |

A1 8] FE{curvature)-& arc length s¢ ¥ 3} el
ol & tangent vectore] M EE-2 &v]3le oL A
Zro] AL,

k(s)= 1 dT()/ds | = | T(s) | = | P(s) |
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85 32}
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k()= - (2.9

where P{O=[1 t & t*] Nult) V,
Pr{e)=[0 1 2t 3t1 Nu(t) V;
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where sf=d4e(2k—e)

Pio]l 2R Fel= o) AollAlY tangent vector
Ti+1» normal vector Niv 1, U732 kT A4S
o2 A3 o] ME & offset point Civrd 2%
T Ut

Ci=Pint+ —————~—d Nit1

Titr = Fiss
where d=the radius of cutter,

Fir1=unit vector in the direction PP

3-2. Cartesian Path
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CMMe2 2343 de|ebe] 7t2 o] B3 & (une-
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% 3. Unevenly Generated Surface
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3-3. Owercut Problem
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2% 4. Overcut Problem

27 gt 23 49 (b)) 2] offset curves]
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4. Tool Control

TTFAA L YAARZE Fatod FFAH] LA
o dRo FREET I QARA FTEe]
24" Fel AFTd9 73S HHAE o] 48
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AHEEE ) ERE ALl Zabe] gad
joint value?] AtEFeli inverse kinematics[13]7}

A4,
4-1. Kinematics

VA -2 QA9 sliding{prismatic) -2
rotating(revolute) jointE% °] jointE& VEAA
FE linkE2 T4 9} Linke 2 linkE AA 8=
jointell Bl gt Abe] & 41 2-%F(translation, rotation)-&
3] 03 joint value®] wehA configuration®]
ARAL. T 7FFA 28 obA = linkel]
23510 2 jointel]l F¢13] joint valueZFH 79
29 Wikg AAY 4 AUt ol9) Fo| FeiAd
joint value2 58 272 A4 WL HA =
7L direct kinematics®} T o] &= wiilz ¥
T2 $1xe} We g RE 7 joint valued 23
&= 2% inverse kinematics®} §tt}. Direct kine-
matic solution¥ inverse kinematic solution 7}
F2122% ¢ joint T(DOF) 2} 2 jointe} o & off wha}
2 vebstot,

91% &t fink coordinatesZt®] A (4X4) ho-
mogeneous matrixe ¢|-43l A H Y 5 ik, De-
navit and Hartenberg[12}%= ¢ ¥} link coordi-
nate®} ©h& H-2-9 link coordinateZt2] FAF (4
X4) homogeneous matrix® FAFAE. 249
link coordinate systemell] @ (link el A3 &
akg vlE ol H(link i— D& $HA % wWitew
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Fdshs e B 4e2re g g
{141,

Pio= Ai—1i Pocovrrerre (4' 1)

o714 A/ Denavit-Hartenberg transform
matrix® 3§37 el ALldr),

C0SU TSINUCOSY  SINusSinv  acosu

A= ‘ sinu  cosucosv —cosusinvy asinu
] sinv 0S¥ d
L 0 0 0 1
.................................................... (4.2)

where a=the length of the link
v=the twist of the link
d=the distance between the links
u=the angle between the links
5% 7134299 joint value?} Fo1FE o di-
rect kinematic solution vHE-3} Z.on o714 N,
0, A, P= Z}7} 1R 9} 1ink ] normal, orientation,
approach, position vectore]tt,
T5= Af Ad AF AR AS
rNx Ox Ax Px
= ! Ny Oy Ay Py
LNZ Oz Az Pz |
00 0 1

4-2. Poul’s Cartesian path

A} BE 77t reference coordinate systemel)

¥ machine tool®] A1z (t=0) o142 configu-
ration matriz, 8 (t=1 42} configuration ma-
trixe} 59 A1 23 configurationll 4l €4 configu-
ration”7tA] ¢ AAEFLE ch&a} ge] RFHA,

(0 S t S 1) ........................ (4.4}

o171 A dirve transformation matrix D()E 1709
translation™ 271 9] rotationo = A L 4
o] FHEF

DO =Tt} Ralt) Rlt) ~rrrrereeemssirmreccens (4.5)

T=AD(1)

=3 T.t)E parameter t7} QoA 17}A] A ¥
Aoz A o F7Y 93 A9 BE H4sto
QoA gholy] o As} o) L),

1 0 0 tdx
Tr®= |0 1 0 tdy | (4.6)

0 0 1 tdx

000 1

where (dx. dy, dz)=(B,—A,)"

Ra(t)& vector K=(—sin 1, cos u. 0% ¥
A2 2 A9l approach vector(FT7%3) Aag twit
# 3AAAA BY approach vector Badl] U4
71 HAWEE vehin 4 (473} o] Y
),

Rol(t)= approach vector® F42.2 A orien-
tation vector AoE tviHF 31X A B9 orientation
vector Booll YAjA)71 SAHE-E vehiH 4]
(4.8)7 zo] YA,

| (SWFEw+Cw) —SuCuF(ew)  CuSlew)

Ra()= | ~SuCuF(tw) (CuyF{tw) +C(tw) SuS(tw) 0 (4.7)
| —CuS(tw) —SuS(tw) Clew) 0 |
| o 0 0 1J

where Su=sin{w), Cu=cos(u),

S(tw) =sin{tw,,

Cltw) = cosltw), Fliw)=1—cos(iw’
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Ro(p= | C) —S(t) 0 0 g | 000 pgm 140 S40
St C) 0 0 e (4.8) 0100 154 0-c4 0
0 0 10! 00143 101 0 d4;
0 0 01, L0001 | 100 0 1 |
where S(tv} =sin(tv), C(tv) =cos(tv) ap= |®70 a5c5w
s5 ¢5 0 a5s5 ‘ ..................... (4' 10)
FFIEY AR AC=044 D=1z " 010
Z73 B=D-l4 D{1)=A"'B °|=2 $j2 34 0o 00 1 J

Ao 2 e Yibel] M43 dx, dy, dz, v, w, ve
e g3 o] Fale] A)

dx=An{Bp—Ap)
dy=Ao(Bp—Ap)
dz=Aa(Bp—Ap)
u=tan '(AoBa/AnBa) where —n<lu<ln
w=tan '[q/(AaBa)] werreseereeimereneincs (4.9)
where g*=(AnBa)*+ (AocBa)?, 0<w<n
v=tan"(Sv/Cv)
where :
Sv=—SuCuFw(AnBn)+ [(Cul)*Fw+ Cw]
(AoBn) — SuSw(AaBn),
Cv=—SuCuFw(AnBo)} + [(Cu)*Fw+ Cw]
(AoBo) — SuSw(AaBo).
—n<v<n

4 (4.9)F 4 4O dYFo2H 104
A tol 42 configuration matrix TS F% % et

4-3. Inverse Kinematic Solution for a Ma-
chine Tool System
2% 58 3ol A FFEA AR e 3714 pri-
smatic axes(Ist, 2nd, 3rd joint) # 2704 revolute
axes(4th, Sth joinD2 4% 5 5 milling ma-
chine?l 74-¢< 5702 homogenous transformation
matrige & 2,

g T r T
ag= (TL1000 L | 00-10

1 0010 ! ~10¢ 00

I 01041 - 01 0do

L 0001 06 01 :

where c4=cos(84). s4=sin(04)
c5=cos(65), s5=sin(05).
Joint values?} F]2& 73 reference coordi-
nate system®] ¥ 5% milling machine¥] direct
kinematic solution T5% T3} 7o) ke e},

T5=A8 A A AP A

= [ Nx Ox Ax Px|
Ny Oy Ay Py |
| Nz Oz Az Pz ’
0001 |
= [ c5 0 a5s5+d4+d3 ]|
sdcb —sdsb —cd absdc5+d2
—cAch cdss —sd  —abedcS+dl
0 0 0 1 _
L ]

“AZ[A N, O, A, P7F 1A & inverse kinematic
solution® & Aa} o] FaleAE I £33
5 % milling machine®] joint value7t 23,
A4 milling machines Aotsled &2 5= 9l
o},

di=Pz—ab Nz

d2=Py—a5 Ny

A3=Px— dd— a5 Ny +wrereserorsrnsenne
§4=tan"'(Az/Ay)

85=tan™'(Nx/Ox)

(4. 12}

5. Implementation

£ Al Ae el A AAE o2 SHL
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gog AFFR 44 2 7H5-E A CAD/CAM
A 2% 9] prototyped Adetedcth, ALd A5

FEA 2" L 386 PC ANA C PolE Arg-shed
A= e, CMM delet 27 characteristic
polyhedron® A43t=2 B-spline surface 29
2} 8= SURFACE module, 7 AA-& A&3le
TOOLPATH module. 223 NC dlelel 44z
tool control ¥ ol 843-& @43z CODING mo-
dule®! 3714 712 module® AFITH HA »
7he-Aledl 875 o8 BE7]5E(overcut chec-
king, visual verification, machine setting, commu-
nication 532 TH3H= moduleZ2 TARN I

3:1-7-)

CMM°II*1 dHA A w2 33 S o]

FMAIN 1
| I : ! | | [
SURFACE|  [SETIING | TOOLPATH | VERIFY CODING| DOWNLOAD
| LoAD Chim L 11SO-PARA | G-CODE

gl'j L CARTESIAN C L JOINT
+— B-SURF

1

—|INTERFACEI IGES/IN

IGES/OUT .
L pLoT

2% 6 AFFE AFANLYY 7
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Nl Mo3
N2 MO8
N3 671
N4 GO0 GSO Xi00.00 YI00.00 2Z100,00
NS GOI G90 ¥0.00  Y¥19.35 7Z19.17 F150
N6  GO1 G90 X0.00  Y23.12 Z18.65 FI50
N7 6GO) GO0 X0.00  Y26.55 Z17.68 F150
N&  GO! G20 X0.00  Y29.74 Z18.52 F1S0
N$ GOl GB0 X0.00  Y¥45.02 29,38  Fl50
N299 GO! G390 X30.00 Y13.86 Z16.66 F150
N300 GOl G90 ¥30.00 Yi2.06 Z15.44 F150
N30L GOI GOU X30.00 Y10.82 Z15.0%3 Fi50
NI0Z €0} GOO X30.00 ¥8.70  Z15.27 F150
N303 GO1 GOO X20,00 Y¥5.70  216.02 F150
N304 GO0 GOO X30.00 ¥3.12  Z16.8% F150
N305 GO7 G90 Z100.00 F150
N306 GOO GSO X100.00 YI00.00 Z100.00
NIO7  MO%
N308 M0S
N309 MO0

29 9. G-Code(sA]D)

€= SURFACE medulel] 4 LOAD options- 49
224 ¥ HY, surface fitting algorithm%& &
2ge24 YAQAEHD-E periodic uniform cubic

B-spline surface® Y}ehy 7] $1¢} characteristic po-
lyhedron®] 443 ©c}. B-SURF option-d surface fit-
ting algorithm®] 4+&3} characteristic polyhedron
o248 tAARD ] A4S B-spline THEH
by sl G4, 2, A4, A mo-
dules]®] 48271 43l A 5ol characteristic po-
lyhedron 42} vertex SIS WA AP 224 B-
spline surface® FA¥ T Ut} Sample CMM
dio|el2 Re] P48 B-spline surface?} 2% 70
A5 o] olch

TOOLPATH module> 4“d# B-spline surface
27 713& 9@ ballended 378 FFARE
A A st= modulelwh. 9714& B-spline surface
48] 2t o)A normal vectord A& of ¥
oz Feo] A EE offset AlF22H FF
Alell FTFEAlel ol Fsh= AR EHSIE offset
surface s Y4 &HA fel. =¥ TOOLPATH mo-
dule®ll&= iso-parametric tool pathd 4t&3h= 1S0-
PARA module®} Cartesian tool path& Ab&E3h=

dl d2 d3 &4

a5 X ¥ z

11,32 -10.18 -70.19 27.83
11,84 ~-9.87 -69.74 27.85
12,35 -9.56 -69.29 27.17
12,87 -9,25 -68.83 27.69
13,38 -8.94 -B68.37 27.61
13.30 -5.63 -67.81 27.53
14,42 ~8.31 -67.44 27.45
14,94 -3.00 -66.97 27.38
15.45 -7.68 -66.49 27.30
1587 -7.36 -65.01 27.22
16,49 -7.04 -65.52 27. 14
17.00 -6.72 -85.03 27.08
17,32 ~6.40  -64.54 26,98
18,02 -6.07 -64,04 26,91
18,55 -5.75 -B3.53 26,83
19,08 -5.42 -83.02 26.76
19.57 -5.10 -82,51 26,68
20,09 -4.77  -61.99 26.61
20_60 -4.44 -61.47 26.53
! 21.11 -4.11 -60.84 26. 45

-80. 56 36,31 10,63 10,89
-80. 36 36.86 10,02 10.99
-80.15 37. 40 1004 11,08
-79.85 37.95 10,035 11.17
-79.74 38,50 10. 06 11.27
-79.54 39.05 10. 06 11.36
-79.33 39.60 10.07 11.45
-79.12 40,14 10,08 11.54
-78.91 40, 69 10.08 11,64
~78.70 41,24 10.09 11,73
-78.48 41.7¢8 10. 10 11,82
-78.28 42,34 10,10 11,82
~78.07 42,88 10.11 12,01
~-77.86 43,43 10.12 12,10
-77.65 43,98 10,12 12.19
-77.44 44,53 10.13 12,29
-77.22 45,08 10. 14 12.38
-77.01 45.62 10,15 12, 47
-76.78 46. 17 10.15 12,57
-76.58 46,72 i0.16 12,66

% 10, Joint Values(sAi)
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